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Abstract
Defining the progenitor system and explaining how the explosion proceeds through the star
are two difficult, and as of yet unexplained, matters regarding Type Ia supernovae (SNe Ia). Explor-
ing the intricacies left behind by the explosion is one means of finding answers to these questions.
The most sensitive method of collecting this information is through spectropolarimetry, measuring
the polarization as a function of wavelength, as it reveals the geometry of the last scattering surface
of the supernova for each epoch of observation.
We present well-sampled spectropolarimetric observations of three normal SNe Ia that were
obtained with the CCD Imaging/Spectropolarimeter instrument mounted on the 1.5-m Kuiper, 2.3-
m Bok, and 6.5-m MMT telescopes in Arizona. We find that the geometry of each supernova is
unique. We begin with the analysis of SN 2014J which displayed a strong continuum polarization
with a wavelength dependence unlike that produced by linear dichroism in Milky Way dust. How-
ever, the continuum’s constancy with time and its polarization angle that aligns with the magnetic
field structure of the host galaxy argue for an interstellar origin. After removing the interstellar
polarization (ISP) signal, we find that the supernova is nearly spherically symmetric overall, but
moderate levels of polarization across the Si II λ6355 A˚ line is indicative of clumpy material in the
supernova’s atmosphere.
We also discuss the creation of a simple polarization model that calculates the integrated line
polarization resulting from the asymmetric shadowing of a polarized source by clumps of enhanced
opacity. When applied to the line polarization of SN 2014J at its +0 and +7 day epochs, we
determine that a combination of four clumps spanning a range of velocities offer a good fit to the
observed degree of polarization.
The intrinsic polarization of SN 2011fe between -12 and +5 days shows four distinct line
polarization features which we label as Features A-D. Features B and D are generally associated
ii
with Si II λ6355 A˚ and the S II “W” feature, respectively. However, Features A and C form over
wavelength regions where several elements are blended in the absorption spectrum due to the large
velocities at which the ejecta is expanding. We use the individual spectra of elements in the flux
spectrum, generated with the spectral fitting codes SYNAPPS/SYN++, to compare with the line
polarization features. We find that Feature A may be formed by Si II, S II, Fe II, or a combination
of those ions and Feature C may be due to Mg II or Fe II. From a literature review and additional
analysis of published polarization spectra, we demonstrate that Features A-D are common in a
number of SNe Ia.
We present nine epochs of observed continuum polarization of ASASSN-14lp. The degree
of polarization at the longer optical wavelengths changes rapidly between -9 and +150 days and the
polarization angle also shows a wavelength dependence at particular epochs. These two deductions
indicate that the supernova is intrinsically polarized or it may be interacting with a dust cloud
nearby.
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Chapter 1
Introduction
Supernovae are transient events that mark the catastrophic end to a star’s life. These
explosions play a vital role in the evolution of the cosmos as they enrich a galaxy’s chemical evolution
through their synthesis of heavy elements, they impart energy into the interstellar medium (ISM),
and trigger formation of new stars. They are also useful for astronomers in determining distances
across the cosmos.
Supernova explosions can be broken down into several classes. Historically, if a supernova
displayed hydrogen Balmer lines in its spectrum, it was known as a Type II supernova. Otherwise,
it was referred to as Type I (Minkowski, 1941). As more supernovae were discovered and studied in
detail, finer spectroscopic or photometric classifications became necessary (See Fig.1.1 for a flowchart
of the classification scheme). Within Type II supernovae, the light curve, or how the explosion’s
luminosity changes with time, is used for further sub-classfication (see Fig. 1.2). If a light curve
shows a long plateau in brightness for approximately a month during the decline phase, it is labeled
as Type II-P (“plateau”). If a light curve is more linear, it is designated as Type II-L. Type II-n
show strong interaction between circumstellar material (CSM) and the ejecta that produces narrow
hydrogen emission lines. The progenitors of these systems are massive (M > 8M) stars where
the iron core collapses and rebounds leaving behind a neutron star or possibly a black hole for the
highest mass stars.
If a supernova does not have hydrogen lines in its spectrum, but does have helium, it is
classified as Type Ib. However, if there are no hydrogen or helium lines, it is a Type Ic supernova.
The progenitors of these explosions are also thought to be a massive star that has lost its outer
1
Figure 1.1: Flowchart for identifying type of supernova
Figure 1.2: Light curves of several types of supernovae. Figure 3 of Wheeler & Harkness (1990).
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hydrogen and/or helium shells prior to core collapse. Finally, Type Ia supernovae (SNe Ia), which
will be the focus of this dissertation do not have lines of hydrogen or helium, but do display a
strong singly ionized silicon (Si II) absorption trough near 6150A˚ which is blue shifted from its rest
wavelength of λ6355 A˚. We expand on the progenitor systems of these explosions below.
1.1 Progenitors of SNe Ia
SNe Ia explosions, or thermonuclear explosions, have uniform observational properties such
as light curves that peak at similar magnitudes and a recognizable evolution to their spectra as they
brighten and decline. The homogeneity of this class of objects then implies that they arise from
nearly identical progenitors. Today, it is generally accepted that a SN Ia is the result of a C and
O white dwarf star that explodes near the Chandrasekhar mass (MCh) limit of 1.44 M (Hoyle &
Fowler, 1960). However, because white dwarfs are commonly created with a mass of only 0.6 M
(Bergeron et al., 1992), they must grow in mass prior to explosion. The nature of the progenitor
systems that create these explosions are still unknown today despite more than half a century of
research, but generally two classes of progenitors are discussed.
1.1.1 Single Degenerate
One method of increasing the mass of the white dwarf is to place it in a close binary system
with a non-degenerate companion such as a main-sequence, sub giant, He-donor, or red giant star.
As the companion (known as the secondary star) evolves through its asymptotic giant branch (AGB)
phase, it fills its Roche lobe and transfers mass to the primary star, the white dwarf (Whelan &
Iben, 1973). A strong wind from the secondary may also be the mechanism which transfers mass to
the primary. Once the white dwarf reaches MCh, it will explode, but the companion is expected to
survive the explosion. In this scenario, the accretion rate, which varies with the size of the donor
star, must be high enough that the accreted hydrogen burns steadily on the surface (Iben, 1982).
Otherwise, the hydrogen will accumulate in a cold, degenerate layer on the white dwarf surface and
will lead to a nova eruption that can carry the material away from the star and halt its growth
(Starrfield et al., 1972). This method of producing an explosion through mass transfer is known as
the single degenerate (SD) channel. A nice review on accretion rates that lead to a SN Ia explosion
is available in Sec. 5 of Margutti et al. (2014).
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1.1.2 Double Degenerate
Another proposed method of creating SNe Ia is through the double degenerate (DD) channel
where two white dwarfs in a close binary merge (Iben & Tutukov, 1984; Webbink, 1984). A loss
of angular momentum through gravitational waves reduces the orbital separation of the stars. The
degenerate nature of the less massive star causes its radius to be larger and thus this star fills its
Roche lobe first. The less massive star becomes tidally disrupted as its radius continues to grow
(due to mass loss) until the material forms a thick accretion disk around the more massive white
dwarf. Once the more massive white dwarf reaches MCh, it will explode. In the DD scenario, both
stars are destroyed in the explosion.
When the total mass of two white dwarfs merging exceeds MCh, rapid rotation may prevent
the merged object from exploding. However, once that support is lost, a violent merger may result
which is discussed in more detail in Sec. 1.4.2.
1.1.3 Observational clues of progenitor systems
Several observational methods have been used to advance our knowledge of SNe Ia progeni-
tors. A full review of the methods mentioned here and more can be found in Maoz et al. (2014). One
observational approach is to search pre-explosion images for the progenitor of a particular explosion.
In searching archival HST images of the host galaxy of SN 2011fe, Messier 101 (M101) at 6.4 Mpc,
Li et al. (2011) did not find any objects at the location of the supernova which placed limits on the
brightness of the progenitor. They were able to rule out red giants, but main sequence or sub giant
stars with M < 3.5M, as well as DD systems were viable options.
A similar approach can be used to locate progenitors in the remnants of SNe Ia (SNR).
Because the companion star of the SD channel is expected to survive the explosion, it should be
slightly displaced, but still detectable near the center of the SNR that forms. No companion was
visible within the search area of one SNR of the LMC indicating that supernova was the result of
merging white dwarfs (Schaefer & Pagnotta, 2012). This search within SNRs of the Milky Way
galaxy have not led to conclusive results. The subgiant Tycho G was thought to be the mass-donor
of SN 1572 due to location near the center of the SNR, its large radial velocity compared to other
nearby stars (caused by a kick from the explosion), and its spectra showed signs of enhanced Ni
which is possibly due to contamination by the supernova ejecta (Ruiz-Lapuente, 1997). However,
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Figure 1.3: Light curve of SN 2011fe from -16 to +463 days which includes UV, optical, and NIR bands.
Figure 2 from Zhang et al. (2016).
Kerzendorf et al. (2013) could not confirm the contamination and therefore argue against the SD
scenario for SN 1572.
1.2 Light Curves
The light curves of SNe Ia are characterized by a rapid increase in brightness over a period
of approximately 20 days followed by a slow decline over a couple of years. Nearly all SNe Ia reach
a peak magnitude of MB ∼ −19 before declining quickly at a rate of ∼ 3 magnitudes over the
first month after maximum and then a rate of ∼ 1 magnitude per month thereafter (Hillebrandt
& Niemeyer, 2000). The brightness of the supernova can sometimes outshine its host galaxy and
therefore we can see these explosions at great distances (see Sec.1.2.2).
1.2.1 Light curves powered by Ni
The light curve shape is powered by the decay of the unstable isotope 56Ni synthesized in
the explosion (Colgate & McKee, 1969). In addition to energy from exothermic nuclear reactions,
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energy is released in the form of gamma-rays through the decay chain 56Ni →56Co →56Fe. At first
when the white dwarf explodes, the ejecta is optically thick and the gamma rays created in the
decay chain deposit their energy in the ejecta through Compton scattering which creates energetic
electrons. These electrons then ionize and excite atoms as they thermalize and eventually recombine
with the atoms, creating optical photons that diffuse to the surface. As the opacity begins to drop
with supernova ejecta’s expansion, light further into the ejecta can escape due to its progressively
longer mean free path. Therefore, we say that the photosphere, or how deep into the explosion you
can see, “recedes” as we peer further into the heart of the supernova.
After maximum light, the energy deposition follows the exponential decay of 56Co. When
the supernova transitions to the nebular phase, around t > 200 days, the ejecta has become optically
thin and the gamma rays can directly escape and the supernova must find a new means of powering
the light curve. The kinetic energy of the positrons that are also generated in the decay of Co to
Fe are now deposited in the ejecta, but the amount of positron trapping at this era is still being
debated (Milne et al., 1999; Leloudas et al., 2009). If the positrons are not completely trapped by
the magnetic field of the explosion then the decay rate of the light curve will be faster than the
radioactive decay of Co.
Putting each of these steps together explains the light curve shape. At first, the supernova
is dim, but grows in luminosity as photons begin to escape the ejecta. The light curve peaks when
the energy escaping is equivalent to the deposited energy. Then with time, the supernova begins a
slow fade as the radioactivity decays, the overall opacity decreases, and more gamma rays escape
with ease and no longer go to energizing the ejecta.
To construct a bolometric light curve, a supernova is observed in as many bands as possible
across the electromagnetic spectrum. Fig. 1.3 shows the light curves of the nearby SN 2011fe from
-16 to +463 days from the UV through NIR bands (Zhang et al., 2016). While the UV and optical
light curves show a single maximum, NIR bands (I, J, H, K) have two peaks. Kasen (2006) has
shown the secondary maximum is caused by fluorescence of UV light in the line-forming region which
degrades the light to longer wavelengths.
Because the light curve is powered by the decay chain of Ni, the peak brightness of the
supernova can be used to estimate the total amount of 56Ni created in the explosion. Application
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of Arnett’s Law
Lmax = (2.2± 0.2)× 1043 ·M(56Ni) erg s−1 M−1 (1.1)
demonstrates that typically SNe Ia synthesize 0.6M of 56Ni in the explosion (Arnett et al., 1985).
Because there are small differences in the peak magnitudes of the explosions, this number can range
from 0.1-1 M for the dimmest and brightest events (Stritzinger & Leibundgut, 2005).
1.2.2 SNe Ia as standard candles
Because SNe Ia are so bright and uniform, we try to use them as standard candles in
cosmology. We do so by comparing the apparent magnitude of the explosion to what we know its
absolute magnitude should be to derive the supernova’s distance. The problem with this technique
is that all SNe Ia are not identical and do show a small variation in their peak magnitudes. If this
can be accounted for, then SNe Ia can still be used in precision cosmology.
A correlation between the supernova’s peak magnitue and the decay time of its light
curve has been established such that brighter explosions decline slower than their dim counter-
parts (Phillips, 1993). This relationship was quantified by the decline rate parameter, ∆m15(B),
which measures how many magnitudes a supernova falls over a period of fifteen days following peak
brightness in the B photometric band. A typical supernova has ∆m15(B) ∼ 1.1 mag (Riess et al.,
1998). More sophisticated techniques have been devised such as the multi-color light curve shape
method (MLCS) which uses fiducial templates of supernovae from which to extract the peak lumi-
nosity of the observed supernovae (Riess et al., 1996). Another technique is the “stretch” method
which uses a multiplicative factor to broaden or narrow the time axis of a standard template su-
pernova to match the observed light curve (Perlmutter et al., 1999). This factor correlates with
the maximum brightness of the supernovae. The ability to correct supernovae for their intrinsic
dispersion in peak brightness reduces their residuals on the Hubble diagram. In 2011, two SNe Ia
research groups were awarded the Nobel Prize for demonstrating the accelerated expansion of the
universe using distances derived with SNe Ia (Riess et al., 1998; Perlmutter et al., 1999).
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1.3 Optical Spectroscopy
As supernovae expand allowing us to see deeper into the explosion, the spectra we collect
over time demonstrate how burning proceeded through the star. Specifically, we measure what ions
were formed at a particular time and over what velocities they are present.
Early times: Explosion to 1 month Past Maximum
The spectra of SNe Ia for the first two months after explosion have blackbody-like continua
with wide troughs and narrow peaks superposed. The most prominent feature in the spectra at this
time is the absorption line of Si II at 6150 A˚ which has been blue-shifted from the rest wavelength
of the two lines that create this feature, λ6347 A˚ and λ6371 A˚. These two lines together are often
referred to as λ6355 A˚. Other species present are neutral (I) or singly ionized (II) intermediate-mass
elements (IMEs) such as S, O, Mg, and Ca. Hotter supernovae may also have higher ionization
species such as doubly ionized Si (Si III) and Fe (Fe III) as well. Iron-group elements (IGEs) such
as Fe and Co also make a small contribution to the spectrum at early times. The spectra of SN
2005cf between -12 and +77 days are displayed in Fig. 1.4 (Garavini et al., 2007) with some of these
absorption lines highlighted.
If a supernova is discovered early in its rise, there is potential to detect the primordial
(unburned) elements of the progenitor star. The most common line of oxygen in SNe Ia is O I at
λ7774 A˚. Unfortunately, oxygen is also a product of carbon burning and therefore might not be the
best tracer of unburned material. The strongest line of C II, which is the main ionization state of
carbon at pre-maximum epochs, is λ6580 A˚. However, the velocity of the ejecta blue-shifts this line
to ∼ λ6300 A˚causing it to sometimes blend with the profile of Si II λ6355 A˚. Confirmations of the
line are made even harder by the requirement that it is only visible at pre-maximum epochs; it often
disappears by ∼ −5 days. From a detailed study of 19 events, Parrent et al. (2011) suggested that
only 30% of SNe Ia have absorption lines of primordial C II λ6580 A˚ in their spectra.
Forming P-Cygni profiles
The broad features of early spectra, known as P-Cygni profiles, are formed by the rapidly
expanding ejecta. Their shape is a combination of a blueshifted absorption feature connected to a
8
Figure 1.4: Temporal evolution of SN 2005cf’s spectrum from -12 to +77 days. Absorption lines of
several IMEs have been highlighted: red (Ca II), purple (Fe II), green (S II), blue (Si II), and orange (Mg
II λ4471 A˚). The absorption lines deepen with time, but eventually begin to blend with other nearby
lines. Absorption minima also move towards redder wavelengths as the photosphere recedes with time.
Figure 1 of Garavini et al. (2007)
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Figure 1.5: A cartoon demonstrating the formation of a P-Cygni line profile. Photons are radiated by the
photosphere in all directions. If the emitted photons are scattered out of the line of sight by the slab of
material overlying the photosphere from the observer’s perspective, a blueshifted absorption feature will
appear in the spectrum. Other ejecta material that does not cover the photosphere scatters the photons
into the observer’s line of sight, forming an emission peak. Figure 2.5 of Kasen (2004). Color figure
available: http://supernova.lbl.gov/∼dnkasen/tutorial/
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redder emission peak. Fig. 1.5 explains how these profiles form. Radiation from the photosphere that
is emitted towards the observer can form an absorption feature in the resulting spectrum when the
photons are absorbed by various ions in the ejecta. Because the material within this tubular region
that covers the photosphere is moving towards the observer, the feature that forms is Doppler shifted
to bluer wavelengths. Ejecta outside the tubular region does not directly cover the photosphere from
the observer’s point of view, but can still scatter photospheric photons into the line of sight. This
forms an emission feature centered about the line’s rest wavelength.
Tracing the photosphere
The flux of the continuum emerges from the optically thick photosphere. As the ejecta
expands and cools with time becoming optically thin, the photosphere recedes inwards and we can
peer deeper into the explosion. SNe Ia undergo homologous expansion and the speed at which the
ejecta is expanding can be used as a proxy for its radius: v ∼ r. The velocity of the photosphere is
obtained by measuring the wavelengths of the Doppler-shifted absorption minimum. Si II λ6355 A˚ is
a good candidate for measuring the expansion velocity and shows that the photosphere is moving
at ∼ 12, 000 km s−1 on average near maximum light. The outermost ejecta can move as quickly as
30, 000− 40, 000 km s−1.
High velocity features
Some spectral features at pre-maximum epochs have minima that correspond to higher
velocities than what is typically recorded for the photosphere. These high velocity features (HVFs)
are commonly found in Ca II H&K near λ3700 A˚, Si II λ6355 A˚, and the Ca II NIR triplet near λ8000
A˚. They also appear to arise in distinctly separate regions of the ejecta separated by ∼ 6000 km s−1
for Si II and ∼ 9000 km s−1 for Ca II and weaken with time as their photospheric counterparts
strengthen (Silverman et al., 2015a). The origin of these features is unknown, but the supernova’s
interaction with CSM (Gerardy et al., 2004) or abundance/density enhancements (Mazzali et al.,
2005) have been suggested as possibilities.
Late times: Nebular spectra
As the ejecta continues to expand towards maximum light, the contribution of the IGEs
increases as the role of IMEs decrease. Fe II begins to dominate the spectrum, but Ca II and Si
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II continue to be significant. Two to three months after maximum light, the ejecta has become
optically thin and the supernova enters the nebular phase. At this point, the spectrum switches
from absorption to forbidden emission lines of Fe II, Fe III, and Co III. The velocities of the ions
are now quite low at v ∼ 3000km s−1 (Leloudas et al., 2009).
Defining “normal”
Although the spectra of SNe Ia can be relatively homogenous, small differences in the
spectral features allow us to further classify the explosions. Branch et al. (2006) studied the pseudo
equivalent width of absorption features near 5750 A˚ and 6100 A˚, attributed to Si II λ5972 A˚ and
Si II λ6355 A˚. With this information, the authors divided their supernova sample into 5 categories,
although the dividing lines are not strict. The “Core Normal” subgroup have similar width and
shape of the Si II lines and includes SN 1996X and SN 2001el. The same ions can be identified in
both “Core Normal” and “Broad Line” supernovae, but as the name of the later group suggests,
the Si II λ6355 absorption is both wider and deeper than their counterparts. This is indicative
of a larger expansion velocity and the group includes SN 2002bo and SN 2002bf. Together, these
two subclasses generally refer to the supernovae that are called “normal” throughout the literature.
The “Cool” classification best describes supernovae such as SN 1991bg and SN 1999by which need
lower temperatures to produce the Ti II observed in their spectra around ∼ 4200A˚. Finally, the
“Shallow Silicon” subclass accommodates supernovae with weak Si II lines. This last group is a bit
of a catch-all since it includes overly bright events that are expected to have higher than normal
temperatures such as SN 1991T and peculiar events such as SN 2002cx.
Velocity classifications
SNe Ia have also been classified according to the speed of their ejecta. Benetti et al. (2005)
classified supernovae into low and high velocity gradient (LVG and HVG) groups by tracing the
photospheric velocity of a supernova using the minimum of the Si II λ6355 A˚ line between maximum
light and the last available spectrum. The slope of a least-squares fit to the decreasing velocity
was used to separate the supernova. A slope of 70 km s−1 day−1 is the dividing line between LVG
and HVG supernovae. Because well-sampled spectra are not available for every supernova, the
Wang et al. (2009) classification separate supernova into normal velocity (NV) and high velocity
(HV) groups according to the photospheric velocity at maximum light using a breaking line of
−11, 800 km s−1.
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1.4 Explosion Mechanisms
The explosion mechanism of SNe Ia is complex and still under debate (see Hillebrandt &
Niemeyer (2000) or the more recent Ro¨pke et al. (2011) for a review) . As the white dwarf grows
in mass toward MCh, the material that falls on the surface is compressed. As the mass of the
star increases, the density at the center increases also. When the critical density ρ ∼ 109g cm−3 is
reached, carbon can ignite explosively. Because the white dwarf material is degenerate, it cannot
respond to the burning and the star cannot expand to quench the flame. Therefore, the burning
raises the central temperature causing carbon to burn more quickly. As the temperature continues
to climb, oxygen begins burning as well and the entire star is incinerated within a second in a
thermonuclear runaway.
1.4.1 Deflagration and Detonation
The method of moving the flame from the inner core to the outer layers of the white dwarf
is still uncertain, but is thought to be a combination of a detonation which uses a supersonic shock
wave to compress and burn the stellar fuel and a subsonic deflagration which propagates burning
through conduction. Early models involving “prompt detonation” of 12C burned the star completely
from its primordial C and O to IGEs. Because SNe Ia spectra show IMEs such as Si, S, Ca, and
Mg near maximum light and not Fe-peak elements (see Sec. 1.3), prompt detonations have been
ruled out as a possible mechanism for SNe Ia explosions. On the other hand, a “pure deflagration”
model could produce both IGEs and IMEs, but did not burn completely through the star causing
the velocity range of the line-forming region to not match observed spectra (Khokhlov, 1991a).
The synthetic spectra of the delayed detonation model (Khokhlov, 1991a) provides a better
fit to observed spectra (Khokhlov, 1991b; Gamezo et al., 2005). In this model, the burning begins as
a deflagration, but because it is moving slower than the speed of sound, the fuel at larger radii can
respond to the burning and expand. The slow flame transforms the white dwarf’s inner layers into a
combination of IGEs and IMEs and leaves the outer layers of C and O untouched. The deflagration
then transitions into a detonation which burns fuel at the white dwarf center completely to Fe-
peak elements, but only produces IMEs in the outer layers which had time to expand during the
deflagration phase. A small amount of primordial C and O may also remain in the outermost layers.
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1.4.2 Violent mergers
Violent mergers are one of the explosion mechanisms explored for DD progenitor systems.
The violent merger creates a prompt detonation as the two white dwarfs are coalescing. Using a
progenitor system composed of two white dwarfs of equal mass MWD = 0.89 M, Pakmor et al.
(2010) reproduces a sub-luminous explosion. In this model, one star became fully disrupted and
its material was heated compressionally as it merged with its companion until a region became
hot enough that carbon was ignited. The energy release of ∼ 1051 ergs was enough to unbind the
merged system, but the low density of the merged object resulted in incomplete silicon burning and
the burning synthesized only 0.1 M of 56Ni, resulting in a faint explosion.
Moll et al. (2014) used a more massive progenitor system composed of 0.96 M and 0.81 M
white dwarfs which synthesized 0.56 M of 56Ni. They found that the brightness of the explosion
was highly dependent on viewing angle because of an asymmetric 56Ni distribution which allowed
the burning to be more efficient in some directions than others. Averaging over all angles, however,
this progenitor system reached MB = −19 in 20 days which is considered standard for SNe Ia (see
Sec. 1.2). Although, this system could match spectra and SNe Ia light curves reasonably well, the
polarization measurements of SNe Ia do not reflect the high degree of asymmetry suggested by the
Ni distribution (Bulla et al., 2016, and see Sec. 2.6).
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Chapter 2
The Polarization of SNe Ia
A supernova’s geometrical structure can also give insight on its explosion mechanism and
progenitor system. Scattering from electrons distributed in the ejecta of the explosion can linearly
polarize light. Therefore polarimetry is a valuable tool for learning about the shape of unresolved
Type Ia supernovae. From the number of events that have been observed spectropolarimetrically
(polarization as a function of wavelength) over the past 17 years, there is enough evidence to sug-
gest that all SNe Ia intrinsically have a 3D nature to their explosions that deviates from spherical
symmetry. A full review of SNe Ia published prior to 2008 can be found in Wang & Wheeler (2008).
2.1 Polarization primer
We measure polarization as the difference in intensity between two perpendicular beams of
light and describe the polarization using Stokes notation. The Stokes “vector” is written as follows
S =

I
Q
U
 =

I0◦ + I90◦
I0◦ − I90◦
I45◦ + I135◦
 (2.1)
where I measures the intensity of the radiation beam, while Q and U detect the excess of linear
polarization in the light. The angle is defined relative to the +y axis and measured clockwise from
+y. Another parameter, V , measures circular polarization, but all circular polarization has been
measured to be null for SNe Ia so we do not include this parameter in our analyses. The Stokes
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Figure 2.1: The propagation direction of the radiation is out of the page in this image and therefore the
reference electric field direction is perpendicular to this.
values are treated as vectors because polarization has both an amplitude and a direction, however the
parameters measure differences in specific intensities (not the electric field, itself) that are oriented
90 degrees to one another and are thus not true vectors. Due to polarization’s quasi-vector nature,
the 0◦ and 180◦ directions are identical, not 0◦ and 360◦. A pictorial representation of the Stokes
vector is also shown in Fig. 2.1.
Fractional polarizations (q and u), that are derived by normalizing the linear polarization
by the intensity, are frequently expressed in the SNe Ia field rather than the polarized flux values
(Q and U). From q and u, we can calculate the degree of polarization, P as the quadrature sum of
the linear polarization and this quantity is usually expressed as a percentage, %P .
P =
√
Q2 + U2
I
=
√
q2 + u2
%P = P · 100 (2.2)
We can also calculate the polarization angle, θ, expressed in degrees, according to
θ =
1
2
arctan(u/q) (2.3)
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Figure 2.2: Polarization of resolved supernova photospheres clockwise from top left to bottom left are
as follows: spherical, prolate ellipsoid, prolate ellipsoid with clump, spherical with clump. The bold line
indicated as Y is the reference direction for the polarization vectors, the size of the arrows indicates the
degree of polarization, and the head of the arrow indicates its direction. Figure 3 from Kasen et al.
(2003).
2.1.1 Polarization Production
Continuum Polarization
If a supernova with a resolved photosphere is circularly symmetric about the line of sight
such as scattering from a central source by a spherical cloud, the polarization vectors emerging from
its surface would look like those depicted in the top left panel of Fig. 2.2 (Kasen et al., 2003). The
direction of the arrow show the polarization direction of the light beam and the length of the arrow
represents its degree of polarization. The degree of polarization grows as we near the limb because
photons are added to the line of sight that have been scattered at nearly 90◦.
If we use the indicated Y axis as the reference direction and Eqn. 2.1, we see that the
vertically polarized light is exactly cancelled by horizontally polarized light located one quadrant
away. The same is true of the diagonally polarized light. Thus when integrating (adding) across
the photosphere, a null result is measured for the polarization of the supernova. However, if the
photosphere is slightly ellipsoidal as shown in the top right of Fig. 2.2, as determined by a non-
spherical distribution of electrons, there is incomplete cancellation of the vectors and the observer
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will measure a net polarization when integrating across the photosphere. For the oblate ellipsoid in
the figure, a net q polarization is measured because there is excess vertically polarized light near the
limbs of the photosphere.
The SNe Ia for which polarization is measured are tens of millions of light years from Earth
at a minimum and therefore we are unable to resolve their atmospheres and polarization vectors.
Only the Sun is close enough that its polarization vectors can be resolved and it is a mere 8 light-
minutes from Earth. Therefore, net polarization or the integrated sum of the vectors across the
photosphere is the polarization quantity measured for SNe Ia. If the continuum level of polarization
across the spectrum is consistent with zero, the distribution of electrons in the photosphere must
be nearly spherical, but if the constant level is non-zero, the spherical symmetry must be broken.
The oblate ellipsoid described above is a simple model of how the symmetry may be broken. This
is typically referred to as the “ellipsoidal” model.
The binary nature of SNe Ia progenitors is a natural explanation for why the photosphere
may have a dominant axis that produces continuum polarization. In a single degenerate progenitor
system, the companion star will survive the explosion. The swiftly moving ejecta will then collide
with the companion (Marietta et al., 2000; Kasen et al., 2004) and cause asymmetry in the photo-
sphere’s shape. This case is explored in more detail in Sec. 2.6. Also, residuals of the dense accretion
disk that forms around the white dwarf during mass transfer could also lead to the photosphere hav-
ing a preferred axis (Wang et al., 2003). The rotation of the white dwarf prior to explosion if rapid
enough can distort the density structure of the star which will affect how the flame propagates
through the fuel. This in turn will affect the distribution of the element synthesized (Howell et al.,
2001).
Line Polarization
Continuum polarization is formed at the surface of the explosion and is a direct measurement
of the light scattering off electrons. In contrast, line polarization is created in the atmosphere of the
supernova, or in the layers of ejecta above the photosphere, and is due to asymmetric absorption of
the polarized photospheric light.
If a clump of material with enhanced opacity is in the ejecta layers overlying the photosphere
along the observer’s line of sight, it is partially blocking the polarized light emitted by the photo-
sphere below it. Because the vectors can no longer perfectly cancel, a net polarization is measured,
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but just at the wavelengths associated with the ion species forming the clump. For example, in the
bottom right panel of Fig. 2.2, a clump is superimposed on a spherical photosphere. In this case, the
diagonally polarized light does not cancel completely and a peak over a small range of wavelengths
will be evident in the u spectrum. A similar case is shown in the bottom right panel of Fig. 2.2 for
an ellipsoidal photosphere with a clump in quadrant IV. Line polarization formed by these chemical
inhomogeneities is often referred to as the “clumpy” ejecta model.
2.2 Observations of Type Ia Supernovae
2.2.1 Normal supernova
Wang et al. (1997) reported the first example of a SN Ia, SN 1996X, with intrinsic polar-
ization. Prior to this, a handful of SNe Ia (SN 1994D, SN 1994ae, SN 1995D) were studied using
broadband techniques (unfiltered white light and the R filter), but polarization could not be directly
attributed to the supernovae (Wang et al., 1996). Even though a broadband filter measured zero
polarization for SN 1996X, spectropolarimetry revealed wide spectral features innate to the super-
nova. Often these features coincide well with those in the flux spectrum, but the identification of ion
species in SN 1996X required theoretical modeling which proposed that the polarization was formed
at the transition between the silicon and inner iron-peak layers.
Because spectropolarimetry shows the complex details of the explosion and depends on view-
ing angle, no two data sets are identical. A general trend, however, is that Type Ia supernova exhibit
low polarization across the continuum of a few tenths of a percent and slightly higher detections in
the lines. This line polarization can reach levels of almost 1% as the supernova nears maximum light.
Typically, the degree of polarization peaks around optical maximum and then quickly declines and
disappears about 2 weeks later. Based on the evidence, it seems that SNe Ia have an axisymmetric
nature early on, but their inner layers which are revealed later are more spherical. In almost all
supernovae, we have detected the Si II 6355 A˚ trough and Ca II NIR 8000 A˚ triplet lines to be
polarized and at the highest levels. However, Mg II λ4477 A˚, O I λ7774 A˚, Fe II, and other lines of
Si II have been shown to be polarized as well in some events (See Table 2.1 and references within).
Although the degree of polarization in both the continuum and line polarizations declines
shortly after maximum light, some late-time observations have turned up interesting behavior. For
instance, the line polarization of SN 2006X’s Ca II NIR triplet near 8000 A˚ fell from 1.2% to 0.5%
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over the period of 5 days as the supernova neared optical maximum. When the supernova was
observed again at +39 days, a re-polarization of 1.2% was observed (Patat et al., 2009). Similarly,
SN 2007sr was observed at +63 days and revealed relatively strong Ca II polarization as well between
2-4%, but because this was the only epoch of observation it is uncertain if this was a re-polarization
event for this particular supernova (Zelaya et al., 2013). Another late observation of the Ca II
line of SN 2001el at +41 days did not show detectable levels of polarization despite the line being
significantly polarized at earlier epochs (Wang et al., 2003). Thus, not every supernova observed
several weeks after maximum will show re-polarization of its lines, but it may depend upon the
period of observation.
2.3 Obtaining measurements
The first spectropolarimetric observations of SNe Ia were performed with the 2.1-m Otto
Struve telescope (McDonald Observatory) in Texas (for example, SN 1996X; Wang et al. (1997),
but many observations have also been taken with the FOcal Reducer/low-dispersion Spectrograph
(FORS) mounted on one of the four 8.2-m telescopes of the European Southern Observatory’s Very
Large Telescope array (ESO-VLT) (SN 2006X; Patat et al. (2009)). In addition, the 8.2-m Subaru
telescope on Mauna Kea, Hawai’i has been utilized for measurements (SN 2009dc; Tanaka et al.
(2010)) and the Supernova Spectropolarimetry Project (SNSPOL) uses the CCD Imaging/Spec-
tropolarimeter (SPOL) on the 1.5-m Kuiper, 2.3-m Bok, and 6.5-m MMT telescopes, all of which
are located in Arizona (SN 2011fe; Milne et al. (2016)).
Observations are performed by positioning a rotatable half-waveplate just below the slit to
act as a retarder. A Wollaston prism located in the collimated beam separates the orthogonally
polarized (ordinary and extraordinary) components onto a CCD. A more detailed explanation of the
SPOL instrument, which was used in this dissertation, is in Appendix B.
2.4 Interstellar Polarization
In 1949, William Hiltner and John Hall discovered reddened stars in the Milky Way Galaxy
exhibited appreciable levels of polarization (Hiltner, 1949; Hall, 1949). The polarization was not an
intrinsic property of the stars, but instead produced as the starlight traversed the Galaxy. Absorption
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and scattering by non-spherical dust grains aligned in the magnetic field of the Galaxy are thought
to be the cause of this interstellar polarization (ISP). Because the dust is elongated, one axis of the
grain preferentially extinguishes one mode of polarization over the other.
A reasonable limit on the Milky Way’s contribution to the ISP is set by the Galaxy’s
extinction along the line of sight to the supernova under the assumption that the same dust that
polarizes starlight will also redden it. Using infrared dust maps of the Galaxy (Schlegel et al., 1998;
Schlafly & Finkbeiner, 2011)1 to estimate the color excess E(B − V ) along the line of sight to an
explosion, the maximum ISP is given by Pmax(ISP ) < 9%[E(B − V )] (Serkowski et al., 1975).
If the observed degree of polarization along the line of sight to the supernova is higher than this
Pmax value, then the host galaxy of the supernova is assumed to contribute a significant amount of
polarization to the total ISP as well.
The measured polarization of thousands of stars in the Galaxy show that the ISP is a
smoothly varying function of wavelength described empirically by the relationship known as the
Serkowski curve
P (λ) = Pmax exp[−K ln2(λmax/λ)] (2.4)
where P is the degree of polarization at wavelength λ, Pmax is the maximum degree of polarization at
the wavelength λmax, and the width of the curve is described by K = 1.15 (Serkowski et al., 1975).
The curve width was revised to include a dependence on λmax such that K = 0.01 + 1.66λmax,
where λmax is given in µm (Whittet et al., 1992). Once the Serkowski curve has been calculated, it
is removed from the supernova data via vector subtraction.
The intrinsic and interstellar polarization spectra are not easily separated. One of the more
robust methods to estimate the interstellar component of the host galaxy requires observing the
supernova at late epochs such as 1-2 months after maximum light. After the supernova has entered
the nebular phase, the opacity due to electron scattering is assumed to be much less than unity so the
continuum polarization should be minimal if present at all. Emission features which are naturally
unpolarized dominate the flux spectra at this time so there is also no line polarization. Therefore, at
these late times, the supernova is unpolarized and any polarization recorded at these epochs must
be of ISP origin. This technique was first used for SN 2001el (Wang et al., 2003).
1We make use of the NASA/ IPAC Infrared Science Archive, which is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National Aeronautics and Space Administration.
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Late-time data is not always available for a supernova. If the polarization of a supernova
spreads out in a linear fashion across the q–u plane with wavelength, then the polarization is said
to have a dominant axis. In this case, the best approximation that can be used to estimate the ISP
is that it has a constant angle independent of wavelength. The ISP is then chosen to lie at either
end of a linear fit to the dominant axis. The intrinsic polarization of SN 1999by was chosen using
this ISP technique (Howell et al., 2001).
A different method is to presume that certain spectral regions, such as wavelengths less than
5000 A˚ are not intrinsically polarized because they suffer from considerable line blanketing and also
multiple scattering which has a depolarizing effect. The regions chosen for each supernova may be
slightly different depending on the epoch of observation since the most accurate ISP estimate will
be derived from wavelengths that avoid deep absorption features. Leonard et al. (2005) averaged
the polarization between 4100–4300 A˚ and 4600–4850 A˚ for SN 2002bf, but was only able to use the
second region to derive the ISP of SN 2004dt.
2.5 Analyzing the continuum and line polarizations
After the ISP component has been subtracted, the intricate details of the explosion can be
explored from the supernova’s intrinsic polarization. The continuum polarization is calculated as
the average degree of polarization in a wavelength range free of any strong flux features. Although
it is a simplification, the ejecta near the photosphere is often modeled as either an oblate or prolate
spheroid with an asphericity defined by the axis ratio E = AB =
major axis
minor axis . The classical results of
Ho¨flich (1991), as shown in Fig. 2.3 are used to estimate the asphericity of the supernova implied
by the continuum polarization. In general SNe Ia show levels of polarization equivalent to 0.2-0.3%
indicating that early-on, the supernova deviates from a spheroidal shape by ∼ 10− 15%.
Sometimes more useful than just plotting polarization as a function of wavelength, is the
q–u diagram, which captures the change in both polarization angle and degree of polarization as
a function of wavelength. The axes of the diagram are defined by the Stokes q and u parameters
such that each point in the figure represents a q–u pair at a particular wavelength. The degree of
polarization is then defined as the distance of a point from the origin and half of the plot’s polar
angle (measured clockwise from the y-axis) is the polarization angle.
If the vector pairs fall in a straight line across the Stokes plane, the supernova is said to
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Figure 2.3: Degree of polarization as a function of asphericity E (axis ratio) of an oblate spheroid.
Adapted from Figure 4 of Ho¨flich (1991).
Figure 2.4: SN 1996X (crosses) and SN 1999by (circles) are presented on the q−u plane (not corrected
for ISP). SN 1996X lacks a preferred geometry as compared to SN 1999by which spreads out in a linear
manner. Figure 12 of Howell et al. (2001).
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be axisymmetric meaning that the explosion has a dominant axis. A weighted linear fit to the
measurements, using u = α + βq, traces the direction of the points and is used to define the
supernova’s dominant axis of symmetry (Wang et al., 2001). If the vector pairs fall into a circular
shape instead, the explosion is close to spherically symmetric.
Another approach to studying the polarization spectrum is to rotate the q–u coordinate
systems by an angle such that the q-axis points along the dominant axis defined by the data. Then
qRSP , the rotated Stokes q parameter that lies parallel to the dominant axis, represents how the
photosphere deviates from spherical symmetry and uRSP , the component orthogonal to the dominant
axis, are the fluctuations from this axial symmetry. Therefore, the continua polarization documented
by qRSP and uRSP are essentially flat except at wavelengths of strong spectral features.
It is an interesting question to ask what type of geometrical structure will explain the
polarization we see across some lines. Kasen et al. (2003) investigated this topic for the HV Ca II
NIR feature of SN 2001el, but its results can be applied in a general sense to the line polarization of
all supernovae. In particular, an oblate photosphere (with E=0.91) was tested with four models: a
spherical shell with the same symmetry axis as the photosphere, a rotated ellipsoidal shell, a clumped
shell, and a toroid. The spherical and rotated shells produced inverted P-Cygni line profiles which
were caused by the obscuration of the weakly polarized central light at the same velocity slice as
the absorption trough minimum. As the line began to block more of the edge light at lower velocity
slices (to redder wavlengths), depolarized light was emitted. The major difference between these two
geometries is visible on the q−u plane as the spherical shell moves linearly across the diagram while
the rotated shell forms a loop as the ellipse starts to absorb diagonally polarized light. Kasen et al.
(2003) offers rapid rotation of the white dwarf and and off-center ignition as possible physical causes
that would create a rotated shell. A single clump with an opening angle of 25◦ and aligned along
the diagonal axis of the photosphere also produced moderate levels of polarization and loops on the
q−u plane. A clump like this could form from nuclear burning progressing along a preferential axis
or multiple small clumps may form due to an irregular distribution of 56Ni. However, the multiple
clumps must still be weighted towards the preferential clump axis as indicated by a single clump
or the polarization would end the same as the spherical shell, since the Stokes vectors are additive.
Finally, the toroid does not seem to be a good fit to SNe Ia because it reaches high line polarization
(usually > 1%) when it blocks highly polarized light on opposite ends of the photodisk. A toroid
could be the result of the accretion disk that forms around the white dwarf as it builds its mass
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Figure 2.5: Si II λ6355 A˚ line polarization, measured at or corrected to -5 days, as a function of
velocity gradient. Normal supernovae are shown as black squares, purple circles indicate supernovae with
only lower limit measurements, subluminous supernovae are shown as gray stars, and the SN 1991T-
like supernova is labeled as a green triangle. The vertical dashed gray line separates LVG and HVG
supernovae. The solid black line is the best-fit to normal SNe Ia and the dashed black line includes SN
2004dt. Figure 1 of Maund et al. (2010b).
toward the Chandrasekhar limit. Therefore, the inability to match the polarization expected from
toroids can be useful for ruling out certain progenitor models.
2.6 Observational correlations
Temporal evolution of asymmetry
Because the prominent Si II λ6355 A˚ line is ubiquitous in the polarization spectra of SNe Ia,
its degree of polarization is often used to search for correlations with other observables. Due to the
difficulties of obtaining spectropolarimetric measurements as discussed in Sec. 2.3, most SNe Ia have
not been observed at well-sampled intervals. To try to compare SNe Ia at the same epoch, Wang
et al. (2007) fit the Si II polarization of 17 explosions, each with a single pre-maximum measurement,
with a second-order polynomial to determine the time dependence of the line polarization. This
polynomial was then used to correct a supernova’s measured polarization to -5 days by subtracting
0.041(t+ 5) + 0.013(t+ 5)2 from the observed polarization. Using such a model seemed appropriate
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at the time because the evolution of SN 2002bo, determined over 7 epochs, matched this derived
polynomial quite well. From this analysis, Wang et al. (2007) believed that all SNe Ia should exhibit
a peak in Si II polarization near -5 days. We include an updated version of this plot in Sec. 3.5.
Asymmetry and Velocity Gradient
A correlation between a supernova’s asymmetry and ejecta velocity has also been suggested
(Leonard et al., 2005). Maund et al. (2010b) discovered a linear correlation between Si II polarization
and the supernova’s velocity gradient characterized by the best-fit line PSiII = 0.267 + 0.006 v˙SiII .
The HVG explosions exhibited more asymmetry than the LVG when comparing the level of Si II
polarization measured at, or corrected to, -5 days using the formula determined by Wang et al.
(2007).
Asymmetry and Luminosity
It has been speculated that the luminosity of SNe Ia may be related to asymmetry as well.
Wang et al. (2007) found the decline rate parameter to show a linear correlation with Si II line
polarization for their sample of 17 supernovae. After correcting the supernovae to -5 days using the
polynomial discussed above, they find a correlation characterized by PSi = 0.48+1.33 · (∆m15−1.1)
with χ2ν = 1.23. The relationship between these two variables indicates that the more asymmetric
the explosion, the dimmer the supernova (larger ∆m15). Because the decline rate parameter is a
direct indicator of how much 56Ni is created, the more highly polarized the Si-rich regions of a
supernova are, the less Ni is synthesized in the explosion.
Polarization and Progenitors
The geometry of the supernova explosion can give us details about the progenitor system.
To begin in the single degenerate (SD) case, the ejecta of the exploded white dwarf is expected
to overtake its companion star minutes to hours after the explosion. Models by Marietta et al.
(2000) show a conical hole of opening angle 30 − 40◦ forms from the impact of the ejecta with
the companion. Radiative transfer models were used to calculate how the spectrum, luminosity,
and polarization change depending on the viewer’s angle to the ejecta-hole (Kasen et al., 2004).
When the line of sight is less than the hole’s opening angle, the maximum light spectrum is peculiar
and resembles SN 1991T-like objects with its weak Si II λ6355 A˚ absorption, lower velocity, and
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sharper Fe III absorptions (due to higher temperatures). The supernova will also appear brighter by
∼ 0.2 magnitudes in the B-band. Additionally, the polarization spectrum has very low continuum
polarization, but large line polarization that matches well with the blue shifted absorption troughs
in the flux spectrum. However, the spectra change quickly as you move away from the hole. For
θ = 90◦, the spectrum resembles a normal supernova with deep absorption troughs near 6150 A˚ and
thus the B magnitude is typical also. However, the continuum polarization can reach a maximum
of 0.8% because of an increase in vertically polarized light which is not obscured as compared to
looking down the hole. Meanwhile, the line polarization is given by inverted P-Cygni profiles which
are caused by the line opacity blocking the central photospheric light (blue-shifted peak) followed
by line emission that is unpolarized diluting the continuum polarization (red-shifted trough).
Polarization signatures of a DD violent merger have been calculated as well (Bulla et al.,
2016). The white dwarfs explode during the violent accretion process and prior to a true merger rem-
nant forming and thus result in asymmetric ejecta distributions. Because the detonation propagates
more quickly through high density material, the primary white dwarf is burned first and then begins
expanding before the secondary has burned completely. Therefore, we find a cavity in the middle of
the IGE distribution (which contains 56Ni) and will affect the polarization spectrum depending on
the viewer’s line of sight. Bulla et al. (2016) studied five viewing angles in detail (three along the
equator and two away from the equator) and found that violent merger models could potentially
explain highly polarized SNe Ia such as SN 2004dt, but cannot explain the majority of observations
which are similar to SN 2012fr. Specifically, Bulla et al. (2016) found that when looking along the
equator of the explosion, the features of the flux spectrum will be broad and suffer from strong line
blending and the continuum polarization will be < 0.3% and the line polarization reaches levels of
< 1.5%. On the q − u plane, these explosions will indicate a dominant axis and their polarization
angle will crowd about 0◦. However, for viewing angles away from the equatorial plane, the flux
spectra are fainter overall, the continuum polarization is substantial between 0.5-1% and the line
polarization is in excess of 2%. These viewing angles will also produce loops on the q − u plane
which shows a non-axisymmetric distribution to the ejecta.
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Chapter 3
Asymmetries in SN 2014J
Portions of this chapter have been accepted for publication in The Astrophysical Journal and are
available in Porter, A. L., Leising, M. D., Williams, G. G., et al. 2016, arXiv:1605.03994.
3.1 SN 2014J
We present optical spectropolarimetry of the normal Type Ia supernovae (SN Ia) SN 2014J
for 111 days starting at maximum light obtained with the CCD Imaging/Spectropolarimeter (SPOL)
at Steward Observatory 2.3-m Bok and 6.5-m MMT telescopes. The high level of continuum po-
larization allows us to analyze the dust properties of the host galaxy (see Chapter 4) and the
multi-epoch observations add to the growing number of well-studied SNe Ia for which the evolution
of the polarization properties has been investigated in detail.
SN 2014J was discovered by Fossey et al. (2014) on 2014 January 21.805 (UT) in the nearby
starburst galaxy M82. The distance to the galaxy as determined by Dalcanton et al. (2009) is
D = 3.5± 0.3 Mpc making SN 2014J the closest SN Ia in several decades. Early Palomar Transient
Factory spectra showed SN 2014J followed a similar evolution to supernovae such as SN 2011fe,
but with slightly higher ejecta velocities (Goobar et al., 2014). The authors noted, however, that
strong attenuation at bluer wavelengths indicated that the supernova was suffering from a significant
amount of extinction along the line of sight. The maximum light Si II 6355 A˚ velocity, measured from
the middle of the absorption line, was vSiII,0 = −12, 000 km s−1 (Marion et al., 2015) placing SN
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2014J slightly inside the Wang et al. (2009) high velocity (HV) classification (the HV group is defined
as having vSiII,0 < −11, 800 km s−1) which is a proxy for the velocity gradient when spectroscopic
sampling is sparse. However, using their spectra from [-0.4,+9.1] days, Marion et al. (2015) found a
velocity gradient v˙ = 42 km s−1 day−1, placing SN 2014J in the low velocity gradient (LVG) group
of Benetti et al. (2005). Foley et al. (2014) measured a peak brightness Bmax = 11.85 ± 0.02 mag
on JD = 2456690.5± 0.2 and a decline rate parameter ∆m15(B)obs = 0.95± 0.01 mag (both values
uncorrected for reddening).
3.2 Observations
We observed SN 2014J over seven nights at the Steward Observatory 2.3-m Bok (Kitt Peak,
AZ) and 6.5-m MMT (Mt. Hopkins, AZ) telescopes with the CCD Imaging/Spectropolarimeter
(Schmidt et al., 1992b). The observation log is reported in Table 3.3, where the supernova phase is
determined with respect to B -band maximum light which occurred on 2014 February 2 (Foley et al.,
2014). Our 7 nights of observations were grouped into 6 epochs. The polarization did not change
significantly between May 22 and 24 so these nights were combined into a single epoch.
During each run, we obtained multiple observations of the polarized standards BD+59 389
(2014 February 2 and 9), HD245310 (2014 February 2, 9, 24 and March 25), HD154445 (2014
February 25), HD161056 (2014 February 25), VI Cyg #12 (2014 February 25 and April 20), and
Hiltner 960 (2014 February 25 and April 20) to determine the linear polarization position angle on
the sky (Schmidt et al., 1992a). We used the average position angle offset from these stars to correct
the spectra from the instrumental to the standard equatorial frame. Additionally, we confirmed
that the instrumental polarization is less than 0.1% by observing the unpolarized standard stars
G191-B2B (2014 February 2, 9, 25, March 25, April 20) and BD+28◦4211 (2014 April 20). For more
details on the reduction process, see Appendix B.
3.3 Interstellar Polarization
The wavelength dependence of continuum polarization detected along the line of sight to SN
2014J may be due to the combination of the interstellar medium (ISM) in the Milky Way, ISM in
the host galaxy, or absorbing or scattering by dust local to the supernova. In the sections following,
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Figure 3.1: Polarization spectrum of SN 2014J (prior to ISP subtraction) at +51 days is displayed in the
top panel, followed by the q and u spectra, individually. Polarization angle is shown in the lower panel.
we discuss how pure transmission through dust manifests itself in the spectropolarimetric data. In
Chapter 4, we will further investigate how scattering from dust may affect our data.
3.3.1 Transmission through dust
To determine the intrinsic polarization of the supernova’s ejected layers, we must first derive
the contribution from aligned dust grains within the ISM, known as interstellar polarization (ISP).
We present the polarization of Epoch 4, 51 days after maximum light, in Fig. 3.1. The average
continuum polarization declines monotonically from ∼ 7% at 4000 A˚ to ∼ 2% at 7500 A˚. Earlier
spectra which are closer to maximum light show a very similar level of continuum polarization,
but have a strong modulation near 6150 A˚ which is associated with line polarization intrinsic to
the supernova as seen in Fig. 3.2. Later spectra at +77 , +104, and +106 days, have a lower
signal-to-noise ratio than Epoch 4, so we do not use them to determine the level of ISP.
Both the Milky Way and the supernova’s host galaxy may contribute an ISP component to
the observed continuum polarization. There are no Galactic stars within a 2◦ box centered on the
supernova with polarization measurements to the best of our knowledge (Heiles, 2000). However,
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Table 3.1. Power-law fits to observed polarization of SN 2014J
Epoch Days c β χ2ν %P
a
1 +0 3.743± 0.003 −2.047± 0.007 2.98 3.78
2 +7 3.672± 0.003 −2.008± 0.007 2.60 3.70
3 +23 3.745± 0.013 −2.066± 0.025 1.34 3.76
4 +51 3.723± 0.009 −2.040± 0.017 1.27 3.74
aAverage degree of polarization of the power-law fit be-
tween 5400-5600 A˚.
the highest degree of polarization measured for a star at a similar Galactic latitude as M82 is 0.76%
with 0.24% being the average among 17 stars with comparable latitudes. Therefore, we consider the
Milky Way’s contribution to the ISP as negligible in comparison to the polarization along the line
of sight to SN 2014J.
Our approach to estimating the host galaxy’s ISP contribution is to wait until the ejecta
has become optically thin to electron scattering during the supernova’s nebular phase when the
continuum polarization is null. At this point any residual polarization is expected to be contributed
by intervening dust. Because the spectrum shows a sharply decreasing degree of polarization with
wavelength, a single value of q and u cannot properly describe the ISP. Typically, a Serkowski curve
is applied to the data to determine its wavelength dependence, but we explain in Chapter 4 why this
approach may not be the best for the ISP along the line of sight to SN 2014J. Therefore, we present
a low order polynomial fit to the rotated Stokes parameters (RSP) of qRSP and uRSP of Epoch 4.
We use the fits to determine the non-varying ISP and in turn the supernova’s intrinsic polarization.
3.3.2 Stokes ISP Estimate
The rotated parameters are derived by revolving the q–u plane through an angle θ such
that all of the continuum polarization then lies along qRSP while uRSP represents deviations from
the dominant axis (Trammell et al., 1993; Leonard et al., 2001). Presenting the supernova’s in-
trinsic P as the rotated quantities allows us to avoid the high level of bias that accompanies
the traditional determination of P through P =
√
q2 + u2 and also avoid the problems caused
by the asymmetric error distribution of P for low signal-to-noise data in the debiased formula
P = ±
√
| Q2 + U2 − 12 (σ2Q + σ2U ) | (Wardle & Kronberg, 1974).
To calculate the RSP, we use the form
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qRSP = q cos 2θ + u sin 2θ
uRSP = −q sin 2θ + u cos 2θ (3.1)
and use the mean polarization angle derived between 5000–7500 A˚ in Epoch 4 as our θ since the
angle is nearly constant over all epochs. We then subtract the following best-fit polynomials from
the rotated observed Stokes vectors
qISP = 4.57− 17.10 (λ− 0.5µm) + 27.10 (λ− 0.5µm)2
uISP = −0.004− 0.008 (λ− 0.5µm) (3.2)
(where λ is expressed in µm) and the remainder is considered to be intrinsic to the supernova. The
statistical uncertainties on the coefficients of the qISP polynomial are respectively, 0.02, 0.28, and
1.12 while the uncertainties on the uISP fit are 0.013 and 0.090.
We binned the observed polarization as high as 47 A˚ to check for any variability in the
continuum polarization among the various epochs and find none. We quantify the lack of variability
by fitting a power-law of the form P (λ) = c (λ/0.55µm)−β to each epoch and find the fits are in good
agreement with each other as evident in Fig. 3.2. The best-fit parameters of each epoch are reported
in Table 3.1. Therefore, we assume the ISP remains constant across the optical wavelengths and does
not change with time allowing the same ISP correction to be applied to each epoch of observation.
3.4 Intrinsic polarization
After removal of the interstellar dust component which was chosen by fitting polynomials
to our late-time Epoch 4 spectra, the supernova’s intrinsic degree of polarization remains. We
present SN 2014J’s intrinsic spectropolarimetric evolution over the first four epochs in Figs. 3.3–3.6.
Our results show that the Si II line 6355 A˚ of the supernova is indeed intrinsically polarized near
maximum light and the line does not share the same dominant axis as the continuum. We discuss
this in detail below. It is common for SNe Ia to have a conspicuous feature in this line (Wang &
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Figure 3.2: Continuum polarization prior to ISP subtraction is binned to 47 A˚ and shown for Epoch
1 (black), Epoch 2 (green), Epoch 3 (pink), Epoch 4 (blue). To check for variability, we applied a
least-squares power-law fit of the form P (λ) = c (λ/0.55µm)−β to each epoch. These fits are shown as
dotted lines and have been offset by 1% for clarity.
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Figure 3.3: The rotated Stokes parameters after correction for ISP are shown for 2014 February 2
(Epoch 1) with the arbitrarily scaled flux spectrum (bold blue line) in the upper panel. Below the
rotated polarization spectra is the rotated angle. The polarization angle near the Si II 6355 A˚ feature is
highlighted over the wavelengths 5900–6400 A˚. All spectra are in the rest-frame of the host galaxy and
binned to 20 A˚. The average 1σ error bars for the polarization and position angle spectra are displayed
at 4500 A˚.
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Figure 3.4: Same as Fig. 3.3 for 2014 February 9 (Epoch 2), but with the 1–σ error bars displayed at
4350 A˚.
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Figure 3.5: Same as Fig. 3.3 for 2014 February 25 (Epoch 3), except all spectra are binned to 60 A˚.
Note the qRSP axis has been plotted over a different range from earlier epochs. The polarization angle
is not highlighted across the absorption line at 6100 A˚ as there is no clear line polarization visible at the
same wavelengths. The average 1–σ error bars are displayed at 4500 A˚.
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Figure 3.6: Same as Fig. 3.5 for 2014 March 25 (Epoch 4), with all spectra binned to 60 A˚. The average
1–σ error bars are displayed at 4500 A˚.
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Figure 3.7: Variation in the level of polarization with velocity over the Si II 6355 A˚ profile between 5900
and 6400 A˚ for days +0 and +7. The smooth blue curve traces the arbitrarily scaled flux spectrum, the
qRSP spectrum is displayed as stars connected by a solid line, and the uRSP spectrum is shown as open
diamonds connected by a dashed line. All polarization spectra are in the rest frame of the host galaxy
and binned to 20 A˚.
Wheeler, 2008) and SN 2014J is no exception. Often the NIR Ca II triplet near 8000 A˚ is polarized
as well, but our wavelength coverage does not reach this far into the red so we cannot comment on
this characteristic.
3.4.1 Continuum polarization
Assuming that the continuum polarization is defined by a region of the spectrum that is
free of strong lines, we measure the average continuum between 6600-7400 A˚ in Epochs 1-4 to have
an intrinsic polarization of 0.09± 0.07%, 0.01± 0.17%, 0.14± 0.17%, and 0.03± 0.07%, respectively.
Therefore, all epochs are consistent with zero polarization. This low value is in agreement with
other normal SNe Ia measurements which typically show < 0.3% polarized continua light (Wang &
Wheeler, 2008). The subluminous SNe Ia SN 1999by and SN 2005ke and the normal SN 2011fe have
shown higher detections of 0.5-0.7% (Howell et al., 2001; Patat et al., 2012; Milne et al., 2016, see
Table 2.1). The small degree of continuum polarization indicates that globally the photosphere is
nearly spherically symmetric and is consistent with less than 10% deviation from a perfect sphere
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(Ho¨flich, 1991, see Fig. 2.3).
3.4.2 Si II polarization
Near maximum light, changes in the polarization degree are clearly detected at the Si II
6355 A˚ line. Fig. 3.7 shows the first two epochs’ degree of polarization in velocity space. In Epoch
1, the polarization in qRSP rises to a peak near −14, 000 km s−1. Furthermore, a broad depression
in uRSP from −14, 500 km s−1 to −4000 km s−1 indicates that the Si II line does not share the same
axis of symmetry as the continuum which has an average uRSP value of 0.08± 0.07% at this epoch.
We use the uRSP spectrum to quote a polarization measurement for Si II at this epoch and find an
average PSiII = 0.54 ± 0.05% between −13, 500 km s−1 and −9, 500 km s−1. We also note the Si II
polarization peaks near the line’s absorption minimum which we measure to be at −11, 000 km s−1.
In the following epoch at +7 days, the peak in qRSP has increased to 0.46% at−14, 000 km s−1,
but this value decreases to 0.32± 0.13% if averaged over −15, 000 km s−1 to −12, 000 km s−1. Mean-
while, the feature in uRSP has grown more complex with three dips present over the same wavelength
range as Epoch 1. We measure a peak polarization level of 0.37 ± 0.05% between −10, 000 km s−1
and −7000 km s−1.
The importance of obtaining spectropolarimetric data to learn details about the ejecta
distribution is showcased by Fig. 3.7. The flux profile of the Si II line shows only minor changes
between the first and second epochs, however, the polarization profiles have evolved significantly.
McCall (1984) predicted that the polarization profile should peak at an absorption line’s minimum
since the absorbing ejecta blocks the direct, unpolarized light from the photosphere along the line of
sight. We see this in Epoch 1 where the peak in uRSP occurs nearly in alignment with the absorption
trough. With the evolution in the polarization profile in Epoch 2, we see that the asymmetry in the
line has changed with the line depth in the ejecta as the fastest and the slowest material are now
nearly just as polarized as the line center. The absorption trough’s polarization has also decreased
significantly between the two epochs from 0.63% to 0.26% at the same velocity slice indicating that
the more direct light from the photosphere is not being absorbed as readily as a week prior.
In the last two epochs analyzed at +23 and +51 days, the Si II 6355 A˚ feature is no longer
detected in the polarization spectra (see Figs. 3.5-3.6). By +23 days, the feature is still present in
the flux spectrum, but Fe II has begun encroaching on the wings and a combination of Fe II, Co
II, and Cu II are present between 6100–6800 A˚ at +51 days (Vallely et al., 2016). With the lack
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of Si II in both the flux and polarization spectra, it is not surprising that the polarization angle no
longer shows smooth changes across this region of the spectrum. In general, the angle has become
more erratic because the error in polarization angle is very large when the degree of polarization is
nearly zero.
Overall, the spectropolarimetric evolution of SN 2014J is similar to previous SNe Ia obser-
vations and theory (Wang & Wheeler, 2008). Line polarization is typically visible near maximum
light and often at levels less than 1%. Earlier measurements showed line polarization that peaked
before maximum, however SN 2014J joins a growing sample of SNe Ia that peak later (see Fig. 3.9).
In the weeks following maximum light, the photosphere recedes deeper into more uniform ejecta
or the regions of asymmetric material become optically thin causing the line polarization to fade
with time. This often occurs within two weeks after the light curve peak, but one SN Ia has shown
re-polarization of the Ca II NIR lines nearly 40 days after maximum (Patat et al., 2009). Zelaya
et al. (2013) also report levels of 2-4% for the Ca II NIR triplet of SN 2007sr at +63 days. Earlier
measurements are not available, so it is not clear whether this is a re-polarization of the line.
Although the polarized spectra are useful for comparing the levels of polarization of different
SNe Ia, investigating the data on the q–u plane is often more enlightening. Fig. 3.8 shows the qRSP
and uRSP polarization for the range 5900–6400 A˚, which includes the Si II absorption line. Each
data point corresponds to a qRSP –uRSP vector pair with the wavelength represented by the symbol’s
color. In the first epoch, the Si II feature forms a loop as the uRSP polarization steadily increases
from the blue towards the middle of the line and then begins to decrease towards the red. The
middle of the absorption trough shows the highest degree of polarization, extending just beyond the
0.5% level depicted as a dashed line. Moving to the second epoch, the complex nature of the uRSP
spectrum can be seen here as well as three loops form past the 0.25% polarization circle. Finally,
by the third and fourth epochs, when we are unable to definitely identify the Si II polarization, the
loop behavior has diminished as well.
Loops in the q–u plane occur as the polarization angle rotates on the sky. If the distribution
of Si II was axisymmetric, the qRSP –uRSP vector pairs would arrange themselves in a straight line
on the plane. The presence of a loop, rather than a linear collection of points, suggests that the
distribution of Si II is not axisymmetric throughout the ejecta and also does not share the same axis
of symmetry as the continuum. Similar loop features have been found in a number of SNe Ia such as
SN 2001el (Wang et al., 2003), SN 2004S (Chornock & Filippenko, 2008), SN 2009dc (Tanaka et al.,
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Figure 3.8: ISP-corrected qRSP –uRSP diagrams of Si II 6355 A˚, binned to 20 A˚, over the first four
epochs of observation color-coded according to wavelength. Polarization levels of 0.25, 0.5 and 0.75%
are indicated by dashed lines and the average 1σ error-bar size is shown in the top right of each panel.
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2010) and SN 2011fe (Milne et al., 2016). Kasen et al. (2003) used parametrized models to explore
possible origins of the HV Ca II loop of SN 2001el. Either an ellipsoidal shell rotated with respect
to the photosphere or large-scale clumpy matter could create the change in polarization angle. Both
of these scenarios would partially block polarized light of the underlying continuum in a way that
changes with velocity leading to line polarization.
3.5 Discussion
It is clear from our spectropolarimetric results that SN 2014J is intrinsically polarized.
The overall asphericity of the electron-scattering photosphere is small, but significant undulations
across the Si II line around maximum light indicate that there are deviations from this geometry.
The changes in line polarization over time in SN 2014J also showcase the importance of obtaining
multiple epochs of observation. This allows a detailed study of the element distribution in the outer
layers of SNe Ia ejecta.
Although the sample of SNe Ia with polarization measurements has been growing since the
first evidence of an intrinsically polarized SN Ia was obtained with SN 1996X (Wang et al., 1997),
only a handful of these studies are multi-epoch. In an effort to compare SNe Ia at the same epoch,
Wang et al. (2007) tried to define the temporal evolution of the Si II 6355 A˚ line polarization (see Sec.
2.6). Using the polynomial defined by Wang et al. (2007), we estimate SN 2014J’s line polarization
at -5 days to be 0.66% using our +0 day measurement. This estimated value is quite a bit higher
than the 0.5% value measured on the same day (day -5) by Patat et al. (2014). Therefore, it seems
that SN 2014J does not follow the correlation derived by Wang et al. (2007).
In Fig. 3.9, we present the time dependence of Si II 6355 A˚ polarization for all well-studied
SNe Ia. The measurements of SN 2002bo, SN 2006X, SN 2011fe, and SN 2012fr are adapted directly
from figures, tables or the text of their publications (Wang et al., 2007; Patat et al., 2009; Milne et al.,
2016; Maund et al., 2013). Meanwhile, we estimate the values for SN 2001el from its polarization
spectra (Wang et al., 2003). We also included the preliminary value for SN 2014J on day -5 as
presented by Patat et al. (2014). We fit each supernova’s time dependence with a least-squares
polynomial or linear line (for SN 2001el) which is also displayed in Fig. 3.9. For the SN 2014J fit,
we used the -5 day value from Patat et al. (2014), +0, and +7 day values from this work, but did
not include our +23 day measurement since it is consistent with 0%. We use the peak value of uRSP
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Figure 3.9: Comparison of the Si II 6355 A˚ line polarization among SNe Ia with multiple epochs of
observations. A weighted least squares polynomial or linear fit has been added to demonstrate the
temporal evolution of each supernova’s Si II polarization. The polarization of SN 2001el (yellow stars)
was estimated from Wang et al. (2003). SN 2002bo (purple squares) is from Wang et al. (2007), SN
2006X (pink circles) data are from Patat et al. (2009) and SN 2011fe (green diamonds) is from Milne
et al. (2016). The SN 2012fr (blue upside-down triangles) observations of Maund et al. (2013) showed
both high velocity and photospheric components. The high velocity component dominated at -11 days,
but was diminished by the second epoch when the photospheric polarization became more prominent.
Preliminary data (red half-circle) of Patat et al. (2014), in addition to the measurements of this work
(red crosses) are coupled together to show the evolution of SN 2014J’s Si II polarization. Our null
measurement at +23 days, has not been included in the fit for SN 2014J.
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(see Sec. 3.4.2) for SN 2014J as this seems most consistent with the literature. In addition, the fit
of SN 2012fr’s temporal evolution involves a mixture of high-velocity (at -11 days) and photospheric
velocity polarization components.
We notice several trends when comparing the temporal evolution of these supernovae. First,
there are differences in the level and time of peak polarization among SNe Ia. Both SN 2002bo and
SN 2006X display very similar evolution in their Si II polarization, which reached a level of ∼1%
polarization approximately 5 days prior to maximum light. More recent supernovae, however, such
as SN 2011fe and SN 2012fr, reach a lower polarized peak of 0.5-0.6%, but only at maximum light
or later. SN 2014J appears to have a similar evolution. SN 2001el only shows declining levels of
polarization, so it is hard to determine how it compares to the other supernovae.
Second, there is variety in the length of time a supernova shows asymmetries in its Si
distribution. We see that the polarization of SN 2002bo and SN 2006X rises and falls rapidly
whereas SN 2011fe, SN 2012fr, and SN 2014J are more gradual.
Finally, in addition to displaying the highest levels of Si II polarization, SN 2002bo and
SN 2006X also exhibited high expansion velocities. Their photospheric velocity as measured by the
absorption of Si II was in excess of−13, 000 km s−1 at maximum light (Silverman et al., 2015b). Thus,
these two explosions are listed as HV in the Wang et al. (2009) classification and HVG (“high velocity
gradient”) by Benetti et al. (2005). Meanwhile, SN 2001el and SN 2011fe belong to the NV (“normal
velocity”) and LVG groups as they had maximum light velocities ∼ −10, 000 km s−1 (Silverman et al.,
2015b). SN 2012fr and SN 2014J, however, are not easily sub-classified by photospheric velocity.
Childress et al. (2013) measured the maximum light velocity of SN 2012fr to be ∼ −12, 000 km s−1
which places this supernova just over the dividing line into the HV category. A long plateau in the
Si II expansion, however, kept the photospheric velocity at -12,000 km s−1 for nearly six weeks,
classifying SN 2012fr as LVG. Likewise, SN 2014J is categorized as HV and LVG (see Sec.3.1).
In combining these three trends, we see that the HVG supernovae SN 2002bo and SN 2006X
reach the highest levels of polarization recorded in SNe Ia and on much earlier timescales than their
LVG counterparts. Therefore, these explosions show larger degrees of asphericity that are located in
higher layers of ejecta as compared to LVG supernovae since the photosphere is deeper within the
ejecta when LVG explosions show their highest degree of polarization. As a direct comparison, SN
2006X’s photospheric velocity, as measured by the Si II 6355 A˚ line, was over -17,000 km s−1 near
its peak in polarization (Patat et al., 2009) while SN 2014J’s velocity was -11,000 km s−1.
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Although a relationship between the temporal evolution of a supernova’s asymmetries and
its ejecta velocity does seem possible, the sample size of well-observed SNe Ia is still small, so we
caution against overinterpretation. However, this is not the first time a correlation between these
two observables has been suggested (Leonard et al., 2005; Maund et al., 2010b, see Sec. 2.6). We
use the relationship between line polarization and velocity gradient as another means to estimate
SN 2014J’s expected line polarization at -5 days. We expect a polarization level of 0.52% using the
velocity gradient determined by Marion et al. (2015) which is similar to the preliminary value of
0.5% presented by Patat et al. (2014). Therefore, SN 2014J follows this relationship.
Likewise, we also test the correlation between luminosity and asymmetry of Wang et al.
(2007) with SN 2014J. The observed decline rate for SN 2014J as measured by Foley et al. (2014),
predicts a Si II polarization of 0.28%, which is too low for the -5 day value measured by Patat et al.
(2014). However, it has been shown that reddening decreases the observed decline rate (Phillips et al.,
1999). Correcting the supernova’s brightness for reddening increases the expected polarization to
0.36–0.45% using ∆m15(B)true = 1.01–1.08 (Foley et al., 2014), which at the upper end is closer to
reproducing SN 2014J’s -5 day Si II polarization.
In conclusion, we find that SN 2014J has a similar evolution as other LVG supernovae,
which show moderate levels of peak polarization at maximum light or later, in contrast to HVG
explosions. It is therefore not surprising that SN 2014J’s -5 days polarization measurement cannot
be reproduced with the temporal evolution polynomial of Wang et al. (2007) which only matches
the Si II time dependence of HVG supernovae. We therefore advise extra caution when using
this equation for supernovae without multiple epochs of observation. It may be more worthwhile
to estimate a supernova’s pre-maximum polarization, if multiple epochs are not available, using
the velocity gradient relationship which estimated a similar degree of polarization as was actually
measured for SN 2014J at -5 days. Although, the sample size is small, our Fig. 3.9 reflects the main
conclusion of the velocity gradient correlation which is that HVG supernovae have higher levels of
line polarization.
3.6 Summary
The spectropolarimetry presented here reveals that the heavily reddened, but otherwise nor-
mal Type Ia SN 2014J is polarized near maximum light, allowing us to explore the multi-dimensional
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Table 3.2. Polynomial fits to SNe Ia Si II λ6355 A˚ line polarization
SN Epochs a± δa b± δb c± δc
(+Bmax)
2001el -4, +1, +10, +19 0.249± 0.065 −0.014± 0.015 –
2002bo -12, -8, -7, -5, -2 0.581± 0.214 −0.118± 0.066 −0.011± 0.004
2006X -10, -8, -7, -6, -3, -2, -1 0.717± 0.133 −0.099± 0.070 −0.012± 0.007
2011fe -12, -6, +5 0.504± 0.085 0.002± 0.005 −0.002± 0.001
2012fr -11, -5, +2, +24 0.563± 0.033 0.012± 0.004 −0.001± 0.001
2014J -5, +0, +7 0.540± 0.050 −0.005± 0.012 −0.003± 0.002
†Polynomials are of the form: PSi II = a+(b ·t)+(c ·t2) where t is time relative
to Bmax.
nature of the explosion. A consistently low detection of continuum polarization implies a nearly sym-
metric explosion, at least from our viewing angle, but higher levels across the Si II 6355 A˚ line point
to a more complicated structure in the ejecta above the photosphere.
The continuum polarization of SN 2014J, estimated between 6600-7400 A˚, is statistically
consistent with zero between +0 and +51 days. However, the line polarization reaches levels of
0.54% on day +0 and 0.37% on day +7, measured as the average degree of polarization over a
small velocity range. At maximum light, the minimum of the absorption trough shows the highest
polarization at 0.63%. A week later, however, the same velocity slice has decreased in polarization
by ∼ 0.4%. The polarization feature at this epoch has also evolved into several peaks spread out
over the center of the absorption line that are nearly equivalent in degree of polarization. The
changes in the polarization profile between the first two epochs indicates that the line’s asymmetry
is evolving with the line depth within the ejecta. Despite these large fluctuations in the degree of
polarization, we see minimal changes in the flux profile. By +23 and +51 days, Si II 6355 A˚ only
makes a small contribution to the flux spectrum and we no longer detect line polarization, indicating
that the asymmetry diminishes with time or depth in the ejecta. Another interesting aspect of the
Si II polarization is the loop it forms on the qRSP − uRSP diagram. This type of structure develops
when the polarization angle varies monotonically across a line. A skewed ellipsoidal shell of the ion
or perhaps clumps of Si II caused by anisotropies in the 56Ni excitation are possible explanations.
The evolution of SN 2014J’s polarization is similar to other LVG supernovae which tend to reach
a maximum level of asymmetry around maximum light or later. Supernovae with higher expansion
velocities reach their peak polarization approximately 5 days earlier. LVG explosions overall also
show lower degrees of polarization at their peaks than their HVG counterparts.
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Chapter 4
ISP and the Dust of Galaxies
Portions of this chapter have been accepted for publication in The Astrophysical Journal and are
available in Porter, A. L., Leising, M. D., Williams, G. G., et al. 2016, arXiv:1605.03994.
4.1 Introduction
In addition to learning about the supernova itself, for cases where there is appreciable
extinction, the polarized continua of SNe may enable a study of the host galaxies’ dust properties
as the wavelength dependence of the polarization has been related to the extinction law (Serkowski
et al., 1975). This method depends on the intrinsic polarization of the supernova being negligible at
some time compared to interstellar polarization (ISP) when the color excess E(B − V ) > 0.2 mag.
The wavelength-dependent extinction of the Milky Way is often characterized by RV , where RV =
AV /E(B − V ), which relates the selective extinction, RV , to the total extinction, AV , and the
amount of reddening, E(B − V ).
Although it varies with line of sight, an RV ∼ 3.1 is often quoted to describe the average
extinction law of the Milky Way (Cardelli et al., 1989). A lower RV value leads to an extinction law
that rises more steeply in the blue as compared to the Galaxy and is thought to be the result of an
increased number of grains with radii a < 0.1µm (Kim et al., 1994). Several studies of well-observed
SNe Ia have shown such steep extinction laws with the most extreme cases displaying an RV < 2
(Wang et al., 2008b; Krisciunas et al., 2006; Elias-Rosa et al., 2008, 2006). Recently, SN 2014J has
47
been added to this list (see Sec. 4.2 and references within). As this value is below the canonical
value of the Milky Way, the dust obscuring these explosions is likely different from the interstellar
medium of the Galaxy. Spectropolarimetry of some highly reddened SNe Ia agree with this result as
the wavelength dependence of their polarization implies RV < 2 along their line of sight. We discuss
this in more detail in Sec. 4.3. These are important results when using SNe Ia as standardizeable
candles in cosmology because Hicken et al. (2009) has shown that an RV = 3.1 overestimates host
galaxy extinction of the CfA mid-z sample. An RV = 1.7, however reduced the Hubble residuals for
this sample. We begin by reviewing the techniques used to measure RV along the line of sight to
SN 2014J and describe the various interpretations for why the value appears to be so low.
4.2 Extinction law of SN 2014J
The intrinsic colors of SNe Ia are believed to be nearly homogeneous with a slight dependence
on light curve shape (Phillips et al., 1999). Based upon this assumption, the extinction law of
a supernova is generally determined by comparing the observed colors or spectra to unreddened
standards. The low RV value exhibited by highly extincted SNe Ia would imply that the interstellar
dust along the line of sight has a small average grain size if the extinction is dominated by interstellar
dust (Whittet, 1992). However, Wang (2005) showed that these low values can possibly be explained
by dust in a circumstellar environment scattering and reddening the supernova light. Simulations
by Goobar (2008) later showed scattering and reddening could give rise to an apparent power-law
wavelength-dependent extinction law of the form Aλ ∼ λp. They found a good fit to the heavily
extinguished SN 2006X if LMC-like grains, described by a power p = −2.5, are confined within a
circumstellar shell of RCSM = 10
16 cm (Goobar, 2008). By comparison, their simulations show
that Galactic dust follows a shallower extinction law with p = −1.5.
Due to its proximity, SN 2014J was well studied in UV-optical-near IR (NIR) wavelengths
and the wavelength dependence of the extinction law has been analyzed by a number of groups.
Goobar et al. (2014) and Amanullah et al. (2014), using similar optical and near-infrared photometry,
determined that a simple (one parameter) reddening law characterized by RV ∼ 1.4 due to AV ∼
1.7 − 1.9 mag of extinction could adequately match their data. This was achieved by artificially
reddening SN 2011fe, which was not thought to be affected by much extinction, with a Milky Way-like
extinction law while allowing E(B−V ) and RV to vary. Equally consistent with the Amanullah et al.
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(2014) dataset was a power-law model with an index p = −2.1. The photometric and spectroscopic
measurements of Foley et al. (2014) were also inconsistent with a reddening law characterized by
RV = 3.1. Additionally, they found that a multiple-component extinction model gives an overall
better fit to their spectroscopic data of SN 2014J than with either a simple reddening or circumstellar
model alone. Their best fit model included interstellar dust with properties (RV = 2.59±0.02) similar
to some lines of sight in the Milky Way (Cardelli et al., 1989) and a circumstellar component that
scattered light similar to the LMC. However, Johansson et al. (2014) did not find an IR excess in
3.6 µm and 4.5 µm Spitzer data which placed limits on Mdust < 10
−5 M within 1017 cm of the
explosion and thus argued against the CSM scattering models. Using optical and UV photometry
obtained with Swift, Brown et al. (2015) conclude that SN 2014J’s extinction is due to interstellar
dust since the light curves are well matched by a reddened SN 2011fe template without the need for
invoking CSM scattering.
An independent measure of host galaxy extinction is possible through high resolution ab-
sorption spectra which reveal weak interstellar features. Atomic and molecular lines as well as diffuse
interstellar bands (DIBs) are found in the spectrum of SN 2014J at velocities that arise within the
gas of M82 (Welty et al., 2014). The equivalent width of the DIB λ5780 A˚, in particular, has been
shown to be a proxy for host galaxy ISM reddening (Phillips et al., 2013, and references within).
The strength of this DIB along the line of sight to SN 2014J gives an estimate of AV ∼ 1.95 mag for
the visual extinction (Welty et al., 2014). Therefore, nearly all of the extinction measured by SN
2014J photometry can be accounted for with interstellar dust.
Temporal variations detected in some high resolution spectra of SNe Ia has been proposed
as evidence of the supernova interacting with its circumstellar medium (CSM; Patat et al., 2007).
The width and intensity of the Na I doublet lines of SN 2006X were found to vary with time
between -2 and +61 days after maximum light. The authors proposed that the evolution in the line
profiles was caused by the ionization of the CSM by UV radiation of the supernova which slowly
recombines with time. The gas near the supernova which undergoes ionization could be due to
successive nova eruptions or from the stellar wind of a red giant companion star. Variability of the
Na I lines does not seem to be a common property of SNe Ia because only 3 of 17 SNe Ia with
multi-epoch high-resolution spectra have shown changes in the equivalent width (EW) of their Na I
lines (Simon et al., 2009; Patat et al., 2007; Dilday et al., 2012; Sternberg et al., 2014). In searching
the low-resolution spectra of 31 explosions, Blondin et al. (2009) observed changes in the EW of SN
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1999cl (and confirmed variability in SN 2006X). Although the spectra were not high-resolution, the
signal-to-noise ratio was high enough such that changes ∆EW > 0.5 A˚ could be detected, which is
on the order of variability in the high-resolution spectra of SN 2006X. Therefore, they noted that
some supernovae with variability below the detection threshold would be missing from the count.
Indeed, time-variable absorption on the order of 0.1 A˚ was noted for SN 2007le from maximum light
to +90 days (Simon et al., 2009). Observing these variations, however, depends on the window of
observations and the geometry of the CSM. Foley et al. (2014), who had the most complete sample
of high-resolution spectra in the weeks around maximum light, did not see any changes in the Na I
lines of SN 2014J between -10 and +18 days after the peak brightness. Maeda et al. (2016) confirmed
these results with a dataset that extends to 255 days after maximum and find that all of the Na D
absorptions arise in interstellar dust ∼ 40 pc in the foreground.
The detection of a light echo near the explosion sites of some SNe Ia is also considered to be
evidence of CSM. Whether CSM light echoes have been detected is the subject of current debate.
SN 1998bu was shown to have two echoes at distances < 10 pc and at 120 pc from the supernova;
the former has been argued to be created by circumstellar dust (Garnavich et al., 2001). A more
extended echo was present in SN 2006X leading to estimates of a cloud of dust located 27–170 pc
(Wang et al., 2008a). This was hinted to at least have a partial local origin, although see Crotts
& Yourdon (2008) for an alternate analysis. Light echoes in SN 2014J were first discovered by
Crotts (2015) with further analysis of the light echo expansion presented by Yang et al. (2015). The
authors find a luminous inner arc created by a foreground dust sheet at 222 pc and a faint outer
ring consistent with foreground dust at 367 pc. Multiple inner echoes are also seen at smaller radii
indicating a complex ISM within M82.
Optical and NIR broadband polarization of SN 2014J showed a degree of polarization which
decreased quickly from shorter to longer wavelengths with a peak in polarization at a much shorter
wavelength than typically measured by Galactic stars (Kawabata et al., 2014). The authors proposed
that the majority of the polarization was due to interstellar dust in M82 since the polarization
angle was nearly constant across the spectrum. The wavelength dependence of the broadband
measurements was better fit with an inverse power law than a Serkowski curve which underestimated
the IR polarization by 0.2-0.3%. They concluded that this unusual behavior suggests the polarizing
dust grains of M82 have mean radii < 0.1µm. These results were echoed by Patat et al. (2015)
using spectropolarimetry of SN 2014J at day +1.
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In Chapter 3, we presented multiple epochs of optical spectropolarimetry of SN 2014J over
111 days beginning at maximum light. We used the +51 day epoch to estimate the level of ISP in
M82 that we then subtracted to analyze the supernova’s intrinsic polarization. In this chapter, we
will make use of the ISP to learn more about the dust of SN 2014J’s host galaxy, Messier 82 (M82).
4.3 Serkowski curve and ISP
Previously it has been shown that starburst galaxies, like M82, have extinction laws lacking
the 2175 A˚ bump and rise more steeply in the UV (Calzetti et al., 1994; Gordon et al., 1997).
Therefore, these studies conclude that the extinction laws of starburst galaxies are more similar to
the SMC than the Milky Way. Polarization studies of six stars in the SMC reveal that in general, the
ISP peaks at shorter wavelengths than is typical in the Milky Way, but the average for the six stars is
λmax = 0.455µm. The best-fit Serkowski curves of these stars are also more narrow as given by the
average curve width, K = 1.42 (Rodrigues et al., 1997). For comparison, the stars of the Milky Way
galaxy usually peak in polarization ≤ 9% near 0.55µm and have a curve width described by K ∼ 1.
Therefore, although the extinction laws of starburst galaxies can sometimes differ significantly from
the extinction law of the Galaxy, the polarization properties are more similar. Therefore, we can use
the empirical Serkowski curve, which characterizes the wavelength dependence of the Milky Way’s
ISP (see Sec. 2.4), to fit the ISP of M82. If the dust of M82 is fit well by the curve, then its ISP is
assumed to be due completely to linear dichroism of its interstellar dust.
4.3.1 SN 2014J’s Serkowski fit
In Fig. 4.1, we again present the continuum polarization of SN 2014J at +51 days. Because
the peak in the degree of polarization of SN 2014J appears to be < 0.4µm as evident in Fig.4.1,
the derived parameters from a Serkowski fitting will likely be peculiar and not independely well
determined. Our least-squares fitting routine yields K = 0.40± 0.03 1, λmax = 0.0456± 0.1052µm,
and Pmax = 45.04± 30.56%.
The inability to accurately pinpoint the Serkowski parameters for SN 2014J is a cause for
concern, however. We created a χ2 map of the λmax–K plane around the best fit Serkowski values.
The confidence level contours in Fig. 4.2, drawn relative to the minimum χ2, shows the 3–5σ
1Note, we do not force K to conform to the Whittet relation.
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Figure 4.1: The observed degree of polarization at +51 days, binned to 4 A˚, with our best fit Serkowski-
only curve (solid green), assuming that all of the continuum polarization is due to the ISP of M82, is
displayed in the top panel (see Sec. 3.3.1). The upper-middle panel shows how a Serkowski curve (solid
blue) in addition to a scattering component (dashed blue) compare to the Epoch 4 data (see Sec. 4.4).
The sum of the two components is shown in solid red. The q (black) and u (gray) spectra are shown in
the lower-middle panel and the polarization angle is presented in the lower panel. The average value of
39◦, found between 5000–7500 A˚, is shown in green.
52
0.1 0.2 0.3 0.4
λ max  (µm)
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
K
SN 2014J
SN 2008fp
SN 2006X
SN 1986G
3σ
4σ
5σ
Whittet
Figure 4.2: Contours depicting the 3-, 4-, and 5-σ confidence levels indicate how K depends on λmax for
our Serkowski-only fit to SN 2014J. Best fit values for SNe 2014J (Epoch 4, this work) 2008fp (Cox &
Patat, 2014), 2006X (Patat et al., 2009), and 1986G (Hough et al., 1987) are shown as black diamonds
while the Whittet relationship K = 0.01 + 1.66λmax that describes Galactic stars (Whittet et al., 1992)
is shown as a solid black line.
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levels. The diagram supports the idea that an increase in K should follow an increase in the peak
polarization to redder wavelengths as given by the Whittet relationship, but more generally the
extended contours express that a number of λmax–K pairs is applicable. Restated another way, the
parameters cannot be uniquely determined when the peak in polarization is outside the observed
range. Comparing the contours to the Whittet relationship shown as a solid black line in the plot
indicates that SN 2014J’s Serkowski parameters lie quite far from those expected in the Galaxy.
Equally concerning is the stark difference between the derived Serkowski parameters of SN
2014J and those determined for Galactic stars. Out of the 104 lines of sight sampled by Whittet
et al. (1992), only five have a λmax < 0.4µm, four of which are within the Cygnus OB2 clustering of
young stars obscured by the Cygnus Rift. One such example with a blue λmax is Cygnus OB2 No.12
which exhibited Pmax = 9.90±0.67%, K = 0.60±0.08, and λmax = 0.35±0.005µm. Thus, it is rare
for Galactic stars to show peaks in polarization outside of optical wavelengths. By contrast, several
highly reddened SNe Ia—1986G (Hough et al., 1987), 2006X (Patat et al., 2009), and 2008fp (Cox
& Patat, 2014)—display atypical wavelength dependencies and seem to deviate from the Whittet
relation by at least 3 or more standard deviations (see Patat et al., 2015, their Fig. 3). Similar to
SN 2014J, both SN 2006X and SN 2008fp showed λmax < 0.4µm. A review of these supernovae
and their Serkowski parameters are presented in Table 4.1. Additionally, it is not clear whether the
Serkowski curve can be safely extrapolated to ultraviolet wavelengths. For the small number of stars
with adequate UV polarization measurements (Martin et al., 1999), the Serkowski relation provides
a decent fit, unlike in the infrared which is better expressed by a power law. However, in some cases
for λ < 0.28µm, the Serkowski relation underestimated the observed polarization (Clayton et al.,
1992; Anderson et al., 1996). Independent of fitting functions, it appears that there is a population
of small grains in M82.
4.3.2 Inferring M82’s dust properties
Assuming that the Serkowski method is valid for ISP along the line of sight to SN 2014J,
we deduce that the dust properties of M82 differ from the Galaxy since the best-fit Serkowski
values are outside the expected ranges from stellar probes. The Mie theory for dielectric grains
estimates the size, a, of the average polarizing dust grain as λmax = 2pi
(
n − 1)a (Whittet, 1992).
Under the presumption that silicates are the main contributors to the polarization as in the Milky
Way (Voshchinnikov et al., 2012), then a refractive index n = 1.6 would imply a grain radius of
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a = 0.015µm in M82 in contrast to the Galactic a = 0.15µm. Hence, an overabundance of small,
aligned grains is implied within M82.
It has been proposed that the wavelength dependence of the polarization is related to the
extinction law through the relation RV ' 5.5λmax (Serkowski et al., 1975). Using a conservative
value of λmax ≤ 0.35µm for SN 2014J (the bluest value for the Galaxy), we expect an RV < 1.9,
which is consistent with photometric and spectroscopic estimates (Foley et al., 2014).
4.3.3 Points of conflict
Estimates of M82’s dust characteristics from other fields of study may show that the dust
parameters derived from the Serkowski parameters are unphysical. As we mentioned above, it has
been shown that starburst galaxies have extinction laws that are lacking the 2175 A˚ bump and
therefore are more similar to the SMC than the Milky Way (Calzetti et al., 1994; Gordon et al.,
1997). However, near-UV (NUV) and optical photometry of M82 show evidence of a 2175 A˚ bump in
the galaxy’s NUV color-color plots, suggesting that this particular galaxy may be more comparable to
the Milky Way than other starbursts (Hutton et al., 2014). In a further analysis of this photometry,
which was taken in the years before the explosion of SN 2014J, the dust at a projected distance of
1 kpc from the nucleus, the same distance as the supernova (Foley et al., 2014), has an RV ∼ 3− 4
(Hutton et al., 2015). This is obviously in contrast to the low values of RV measured after the
explosion (Foley et al., 2014; Goobar et al., 2014; Amanullah et al., 2014). However, we note that
Fig. 5 in Hutton et al. (2015) displays a large range in selective extinction values near this position.
4.4 Combined scattering and transmission through dust
A circumstellar shell of material surrounding the supernova has been presented as an ex-
planation for the low RV value of SN 2014J (see Sec. 4.2). If this is a necessary component of SN
2014J, we expect to see signs of the circumstellar material (CSM) in the polarization spectrum as
well. Light that encounters dust located at interstellar distances from the supernova acquires polar-
ization through linear dichroism. The polarization angle in this case aligns with the magnetic field
direction of the galaxy in which the grains are aligned. The polarization signal of scattering dust
in the circumstellar environment, however, will be due to photons scattered into the line of sight.
The perpendicular electric field vectors for dust distributed symmetrically about the line of sight
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would cancel completely, similar to an unresolved symmetric supernova envelope (Ho¨flich, 1991).
Therefore, to measure a net linear polarization, there must be some asymmetry in the dust’s overall
geometry which will be reflected in the associated polarization angle.
Star #46 in the reflection nebula IC 63 is an example which showed variability in the po-
larization angle and a steeply increasing degree of polarization at short wavelengths that was not
adequately fit with a Serkowski curve (Andersson et al., 2013). To fit the broadband polarization,
the authors used a combination of a Serkowski relation for interstellar dust and a Rayleigh scat-
tering component which dominates at short wavelengths. The scattering model had a wavelength
dependence that went as λ−4, although the authors noted that a more negative exponent to the
power law was not ruled out by the data. The best-fit parameters for Star #46 were Pmax = 0.75%
at λmax = 0.74µm using K = 1.15 (held fixed) for the Serkowski curve and P = 0.05 · λ−4 for the
Rayleigh component. The scattering component fell off quickly and the Serkowski curve became
the dominant factor near 0.53µm. Most interesting, however, was the change in polarization angle
across the spectrum. There was a ∼ 20◦ difference between the U and B passbands and a further
∼ 20◦ difference between the B and V bands while the angle varied very little over the remaining
portions of the spectrum. If such a model is valid for SN 2014J, we expect to see variability in our
polarization angle as well.
Patat et al. (2015) applied a similar multi-component fit to their day +1 spectropolarimetric
data of SN 2014J and find a respectable fit using K = 1.15 (held fixed), λmax = 0.35µm and
P (λ) = Ps(0.4µm/λ)
4 with Ps = 0.8Pmax. From their Fig. 6, we estimate Pmax ∼ 3.8% which gives
Ps = 3.0% for the scattering component. Additionally, scattering contributes ∼ 40% of the total
polarization at 0.4µm.
We present the fit to our +51 day epoch in Fig. 4.1. We find that our data are well described
with χ2ν = 1.45 using K = 1.15, λmax = 0.35µm, Pmax = 3.5%, and Ps = 3.3% with scattering
dominating at wavelengths less than 0.39µm. The scattering also contributes about 56% of the
total polarization in our fit. We chose to hold K and λmax fixed to decrease the number of free
parameters by using the original K value presented by Serkowski et al. (1975) and λmax chosen to
represent one of the bluest peaks observed in the Milky Way. It is important to note that our fit in
Fig. 4.1 is just for illustrative purposes as a number of decompositions could potentially describe
the observed polarization. In this scenario, the Serkowski parameters imply an average grain radius
more similar to the Milky Way with a = 0.1µm. For comparison, the multi-component fit of Patat
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et al. (2015) gives a χ2ν = 2.42 to our Epoch 4 data and is even worse, χ
2
ν = 7.01, when compared
to our maximum light epoch.
4.4.1 Points of conflict
Unlike Star #46, the polarization angle of SN 2014J does not seem to be wavelength de-
pendent as we find an average angle of θ = 39 ± 2◦ between 5000-7000 A˚ in Epoch 4, which is in
agreement with the earlier-epoch polarization measurements of Kawabata et al. (2014) and Patat
et al. (2015). This is in excellent agreement with the 40◦ angle determined by Greaves et al. (2000)
for the magnetic field structure of M82, suggesting that if there is circumstellar dust polarizing light
by scattering, the dust must be oriented nearly identical to the dust lanes of M82. Hoang (2015)
discussed a toy model that may be able to explain the lack of change in angle. If small grains which
undergo Rayleigh scattering are trapped within an accretion disk aligned in the magnetic equatorial
direction of the white dwarf and the magnetosphere of the star contains a size distribution of grains
reminiscent of the Galaxy, the polarization vectors that emerge from the two grain populations will
be parallel. However, Hoang (2015) mentions that these dust grains will likely be swept away within
1–2 hours after the explosion, depending on the ejecta velocity, and therefore are not expected to
be observable at the epochs of polarization we discuss here.
It is conceivable that the ISP along the line of sight to the supernova is not as well aligned
with M82 as it appears to be. In Sec. 3.3.1, we concluded that the Milky Way’s contribution to
the ISP was small in comparison to the polarization along the line of sight to SN 2014J. Hoffman
et al. (2005) note that due to the vector nature of polarization, even if the Milky Way ISP is small
compared with that of a supernova, its contribution may cause a position angle rotation if the vector
alignment is unfavorable. Using the ratio of the highest degree of polarization for a Galactic star
noted in Sec. 3.3.1 (0.76%) to the average polarization observed near 4500 A˚ in SN 2014J’s Epoch
4, we find that the intrinsic polarization angle of SN 2014J could differ by as much as 3.9◦ from
what we observe (Hoffman et al., 2005, Eqn. 1). Thus, it is possible that the apparent alignment
between the circumstellar dust of the supernova and the ISP of M82 could occur by simple chance.
If circumstellar dust is present at close enough distances to the supernova, we also expect
the degree of polarization to change as dust is evaporated by radiation which would in turn change
the grain size distribution as small grains disappear. Calculations by Amanullah & Goobar (2011)
find that sublimation will deplete dust that resides at r ≤ 1016cm which is nearly equivalent to
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4 light-days. We mentioned in Sec. 3.3.2 that we were not able to detect any variability in the
continuum polarization of Epochs 1-4 as demonstrated by the similarity of their power-law fits (Fig.
3.2). We further quantified the lack of variability using the Serkowski estimate of ISP. The best-fit
K − λmax we derive from fitting the Serkowski curve to each epoch lie within the 4σ confidence
contour drawn relative to Epoch 4’s best-fit (see Fig. 4.2). Although there is some scatter in the
best-fit K − λmax with time, the degree of polarization defined by these curves at 5500 A˚ all agree
within ∼ 0.01%.
4.5 Summary
Although the intrinsic polarization of SN 2014J appears normal relative to other SNe Ia,
the ISP is more remarkable. It has been suggested that at least part of the extinction along the
line of sight is due to scattering by circumstellar dust. We find the polarization angle aligns closely
with the dust lanes of M82 and the degree of polarization does not change over our period of
observation, suggesting that the continuum polarization has an interstellar origin. However, the
derived parameters from our Serkowski fit are unusual and may not be physical. The wavelength
dependence of the continuum polarization also provides an independent measure of RV that does
not require supernova colors. The blue wavelength at which the Serkowski curve estimates the peak
degree of polarization invokes an abundance of very small aligned dust grains in the ISM of M82
compared to the Milky Way and a steep extinction law characterized by RV < 2. However, UV and
optical photometry of the galaxy derive a higher value.
Our polarization data are also well described by the combination of a Serkowski curve and
a scattering component where scattering contributes over half of the polarization at 4000 A˚. This
interpretation results in ISM dust grains that are still smaller than in the Milky Way, but less extreme
than in the pure ISP model. However, we see a lack of variability in the wavelength dependence of
the polarization angle. Variability is expected when the dust of the two components have different
orientations so, if this model is credible, the two grain populations must share a similar orientation.
Therefore, we cannot distinguish between a pure ISP or a combination of ISP and CSM dust at this
time, but it is likely that there is an enhanced abundance of small grains along the line of sight to
SN 2014J within M82.
58
T
a
b
le
4
.1
.
S
er
ko
w
sk
i
p
a
ra
m
et
er
s
o
f
se
ve
ra
l
S
N
e
Ia
S
N
D
a
te
P
m
a
x
λ
m
a
x
K
θ
d
θ
d
λ
R
a V
a
b e
f
f
E
(B
-V
)
R
V
A
V
c
R
ef
.d
(+
B
m
a
x
)
(%
)
(µ
m
)
(d
eg
.)
(d
eg
.µ
m
−
1
)
(µ
m
)
(m
a
g
.)
(%
m
a
g
−
1
)
1
9
8
6
G
−7
.5
!
5
.1
6
±
0
.0
4
0
.4
3
±
0
.0
1
1
.1
5
1
1
7
.9
±
0
.8
4
.5
±
1
.9
2
.4
0
.1
1
4
0
.7
9
2
.5
7
2
.0
3
6
.5
±
0
.7
1
,2
2
0
0
6
X
+
3
9
8
.0
0
.3
6
5
±
0
.0
2
1
.3
±
0
.1
1
3
9
.5
±
0
.1
−0
.8
±
0
.5
2
.0
0
.0
9
7
1
.4
4
1
.3
1
1
.8
8
5
.4
±
0
.5
1
,2
2
0
0
8
fp
+
6
!
−−
0
.1
4
8
±
0
.0
3
0
.4
0
±
0
.0
5
1
4
8
.4
±
0
.1
5
1
.7
±
1
.4
0
.8
4
0
.0
3
9
0
.5
9
1
.2
1
0
.7
1
4
.4
±
1
.0
1
,2
2
0
1
4
J
+
5
1
4
5
.0
5
±
3
0
.5
6
0
.0
4
6
±
0
.1
0
5
0
.4
0
±
0
.0
3
3
9
.0
±
2
0
.2
±
0
.1
0
.2
5
0
.0
1
2
1
.3
7
1
.4
0
1
.8
5
4
.8
±
0
.1
3
,4
! S
er
k
ow
sk
i
cu
rv
e
li
k
el
y
co
n
ta
in
s
so
m
e
in
tr
in
si
c
su
p
er
n
ov
a
p
o
la
ri
za
ti
o
n
a
t
th
is
ep
o
ch
.
a
C
a
lc
u
la
te
d
a
s
R
V
=
5
.5
λ
m
a
x
b
C
a
lc
u
la
te
d
a
s
λ
m
a
x
=
2
pi
(n
−
1
)
a
e
f
f
w
it
h
n
=
1
.6
fo
r
si
li
ca
te
s
c
A
li
g
n
m
en
t
effi
ci
en
cy
ca
lc
u
la
te
d
a
s

=
P
0
.4
/
E
(B
−
V
)
w
h
er
e
P
0
.4
is
th
e
d
eg
re
e
o
f
p
o
la
ri
za
ti
o
n
a
t
0
.4
µ
m
d
R
ef
er
en
ce
s:
(1
)-
P
a
ta
t
et
a
l.
(2
0
1
5
)
a
n
d
re
fe
re
n
ce
s
th
er
ei
n
fo
r
p
o
la
ri
za
ti
o
n
a
n
d
p
o
la
ri
za
ti
o
n
effi
ci
en
cy
va
lu
es
(2
)-
P
h
il
li
p
s
et
a
l.
(2
0
1
3
)
fo
r
ex
ti
n
ct
io
n
a
n
d
re
d
d
en
in
g
va
lu
es
(3
)-
P
o
rt
er
et
a
l.
(2
0
1
6
)
fo
r
p
o
la
ri
za
ti
o
n
a
n
d
p
o
la
ri
za
ti
o
n
effi
ci
en
cy
va
lu
es
(4
)-
A
m
a
n
u
ll
a
h
et
a
l.
(2
0
1
4
)
fo
r
ex
ti
n
ct
io
n
a
n
d
re
d
d
en
in
g
va
lu
es
59
Chapter 5
Model of Line Polarization
Determining the particular geometry that leads to an observed line polarization is difficult
because numerous combinations of clump size or clump number could lead to the same degree of
polarization (Hole et al., 2010). Additionally, it is difficult to account for the number of possible
viewing angles to the asymmetric ejecta. Even if the problem cannot be solved exactly, it is still a
worthwhile exercise to determine the clump placement and size that can reproduce an observed line
shape. Therefore, we have designed a simple model that calculates the integrated polarization spec-
trum caused by asymmetric absorption of polarized light from an electron scattering photosphere.
In this chapter, we will describe the development of the code and use it reproduce the Si II λ6355
A˚ line polarization of SN 2014J.
5.1 Description of code
We begin by defining a sharp spherical photosphere on a (x, y, z) grid space where the x–y
directions specify the plane of the photosphere and the z–direction is divided into velocity bins
between zero velocity and some outer velocity of the supernova atmosphere, vout. We assume the
photosphere, placed at vphot has a sharp boundary such that it is defined at a single velocity and
also that its surface is uniformly illuminated with a single value from a blackbody function.
We then define polarization on the surface of the photosphere. If the intensity of a light
beam at point r is I(r) and its degree of polarization is P (r), the polarized intensity of the beam
is I(r) · P (r), which must be separated into its Q and U components. The division of polarization
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into its Stokes parameters depends on the distance of the arbitrary point r from the origin of the
photosphere. For example, at φ = 0◦, where the angle is measured clockwise from the +y–axis, the
polarization should be pointed horizontally (see Fig. 2.2) such that Q = −I(r) ·P (r) and U = 0. As
another example, at φ = −45◦, the polarization should be oriented diagonally such that Q = 0 and
U = −I(r) · P (r). Therefore, by rotating the polarization by the angle φ, the Q and U components
can be calculated at any point on the photosphere. The Stokes vector for each point of the grid is
then defined as
S0 =

I0
Q0
U0
 =

I(r)
−I(r) · P (r) cos(2φ)
I(r) · P (r) sin(2φ)
 . (5.1)
We make use of the calculations by Chandrasekhar (1960) for electron-scattering of a plane-
parallel atmosphere where polarization increases radially from 0% at the center to 11.7% at the
limb. A pictorial representation of the q and u polarized light (the polarization normalized by the
intensity, see Eqn. 2.2) as a function of position on the photosphere of our model can been seen in
Fig. 5.1, where the size of the symbol indicates its degree of polarization.
In our model, the photosphere is a polarized light source illuminating the supernova’s at-
mosphere where lines can form. To investigate how the degree of polarization is affected by material
overlying the photosphere, we must specify the location and optical depth of a clump, which is
cylindrical in shape. Thus, we specify a range of velocities in the line-forming region where a clump
is present and define a high enough opacity to attenuate the polarized light. We allow the optical
depth to decrease with velocity according to
τ = τ0 · exp(v0 − v
ve
) (5.2)
where v is an arbitrary velocity, v0 is the velocity where τ0 is defined, and ve characterizes how quickly
the optical depth declines. The opacity is zero for all radii greater than that of the photosphere
and anywhere in the line forming region that is not covered by a clump. The polarized light is then
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Figure 5.1: Representation of q and u light on a spherical photosphere with radius 0.95 ×
109 cm (9500 km). Green triangles show +q light (polarization direction is parallel to y-axis) and black
downward-facing triangles show −q light (polarization direction is perpendicular to y-axis). Blue right-
facing triangles show +u light (polarization direction is oriented −45◦ to y-axis) and orange left-facing
triangles show −u light (polarization direction is oriented 45◦ to y-axis). The size of the symbol indi-
cates its degree of polarization which increases radially from 0% at the origin to ±11.7% at the limbs
(| ±q, u |> 0.01% is shown).
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attenuated such that the resulting Stokes vector at each grid point becomes
Sf = S0 · e−τ =

I0
Q0
U0
 · e−τ . (5.3)
Finally, to calculate the polarization at a particular velocity slice, we sum the I, Q, and U components
across the photosphere after they are attenuated by the clumpy ejecta. We then calculate the
normalized polarization quantities q, u, and the degree of polarization P .
5.2 SN 2014J
We used the model described above to determine the number and placement of clumps that
could create the Si II λ6355 A˚ line polarization of SN 2014J at +0 and +7 days which are shown
together in Fig. 5.2. The top left panel shows the degree of polarization and absorption trough
of each epoch. There is almost no change in the absorption line between the two observations,
but the polarization has changed dramatically. The most change appears between −13, 000 and
−9, 500 km s−1 where the degree of polarization decreases by nearly 0.3%. The degree of polarization
also increases between −14, 0000 and −13, 000 km s−1. This is similar to the changes visible in the
q-polarization spectrum displayed in the top right panel of Fig. 5.2. In general, the u-polarization
spectrum is nearly constant over time, except between −9500 and −6500 km s−1 which increases
from -0.1% to -0.4%. The decrease in q−polarization over time is also noticeable on the q − u
diagram shown in the bottom left panel since the loop of Epoch 2 (red asterisks) does not extend
as far in +q as Epoch 1.
The center of the absorption trough of Si II λ6355 A˚ in SN 2014J is located at−11, 000 km s−1.
To calculate the line polarization at wavelengths both longer and shorter than the absorption trough,
we use two exponentially decreasing optical depth profiles, calculated using the functional form in
Eqn. 5.3 defined at the absorption minimum. Therefore the optical depth decreases in both direc-
tions from the absorption minimum.
Using pre-computed polarization vectors to imitate a spherically symmetric electron scat-
tering photosphere as the basis for our model is not a bad approximation for SN 2014J since its
intrinsic continuum polarization was consistent with zero (See Sec. 3.4.1). However, we caution that
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Figure 5.2: Degree of polarization of SN 2014J across the Si II λ6355 A˚ line at +0 days in solid black
and +7 days in dashed black is displayed in velocity space in the top left panel. The arbitrarily scaled flux
spectrum across the line is also shown as solid or dashed blue lines. q polarization is shown in the top
right and u polarization in the bottom right panels. Vertical lines have been added at -17,000, -14,000,
-11,000, -8000, and -5000 km s−1 to guide the eye. The bottom left panel shows the polarization of the
Si II line on the q−u plane for Epoch 1 (black diamonds) and Epoch 2 (red asterisks). The blue crosses
indicate the q−u vector pair where the loop of each epoch begins and moves in the clockwise direction.
the results we present are not unique and are merely one of many possible solutions. We discuss the
synthetic polarization spectra derived from the model below and the parameters of each epoch can
be viewed in Tables 5.1 and 5.2.
5.2.1 Epoch 1
We use a conservative estimate of the photospheric velocity as −5000 km s−1 for Epoch
1. We first consider the line polarization at blue wavelengths (larger negative velocities) which we
reproduce with two clumps. The first clump has boundaries of −20, 000 km s−1 and −13, 500 km s−1
to reproduce the decreasing level of polarization at the largest velocities (hereafter referred to as
Clump 1). The second clump has boundaries of −13, 500 km s−1 and −10, 500 km s−1 to recreate
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the degree of polarization at the velocities slightly higher than the absorption minimum (referred
to as Clump 2). The third clump has boundaries of −10, 500 km s−1 and −7800 km s−1 (hereafter
referred to as Clump 3). Its polarization must nearly match Clump 1 at the absorption minimum,
but does not fall off as rapidly with velocity. The fourth clump has boundaries of −7800 km s−1 and
−5000 km s−1 (referred to as Clump 4) to match the polarization at the lowest velocities of the line.
The extension of each clump in velocity space as well as its optical depth can been seen
in Fig. 5.3. Clump 3 in blue has the largest optical depth and therefore has the largest effect on
attenuating the polarized photospheric light. We compare the synthetic polarization spectra to the
observed data of SN 2014J in Fig. 5.4. Although the P polarization is well fit by the combination
of these four clumps, the lower right panel shows the q-polarization of Clump 1 is ∼ 0.3% too high
at −14, 000 km s−1 and the u-polarization of Clump 2 is positive while the observed data is negative
between −12, 000 km s−1 and −11, 000 km s−1. It may also be argued that the u−polarization of
Clump 3 is too low by ∼ 0.1%.
Problems between the model and data are also highlighted on the q−u plane. For example,
the q − u vector pairs that result from the attenuation of light by Clump 2 are the second set of
black crosses when moving clockwise from the blue cross labeled as “Start.” The q and u-polarization
increase across this velocity range towards the photospheric velocity, but as mentioned previously
the u-polarization is not a good fit to the data since it must change signs to match the data.
The effect of the clumps on the polarized photospheric light can be gleaned from Fig. 5.5.
The largest line polarization across the Si II feature of SN 2014J is near the absorption minimum
which coincides with the velocity ranges of Clumps 2 and 3 (shown as solid circles and open squares,
respectively). To reproduce the 0.6% degree of polarization in this region of the line, these two
clumps must lie near the edge of the photosphere where they can attenuate light with the largest
degree of polarization. Clump 4 (open circles) is located such that it attenuates a more moderate
level of −q and +u light. This then leads to q = 0.2% and u = −0.2% line polarization similar to
what is observed for SN 2014J between −8000 and −5000 km s−1.
5.2.2 Epoch 2
To evolve the polarization between Epochs 1 and 2, we chose to leave vphot and the velocity
ranges of each clump fixed with time because we do not see variation in the absorption trough
between Epochs 1 and 2 (see Fig. 5.2). Instead, we varied the size and (x, y) location of the clumps.
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Table 5.1. Model parameters of Epoch 1
Parameter Value
Grid points in x− y plane: nx=ny 100
Grid points in z-direction: nz 100
min(x)=min(y) −1.4× 109 cm
max(x)=max(y) 1.4× 109 cm
Intensity: I(r) 4.18× 107 ergs cm−2 s−1 A˚−1 ster.−1
Photospheric velocity: vphot −5000 km s−1
Maximum velocity of line-forming region: vout −30, 000 km s−1
Optical depth profile
Opacity at reference velocity: τ0 12.0
Velocity where τ0 is defined: v0 −11, 000 km s−1
Exponential velocity drop-off: ve 2000 km s
−1
Clump 1
Minimum velocity of clump: vmin −20, 000 km s−1
Maximum velocity of clump: vmax −13, 500 km s−1
Location on photosphere: (x0, y0) (−1000, 2500) km
Radius of clump: r 1400 km
Clump 2
Minimum velocity of clump: vmin −13, 500 km s−1
Maximum velocity of clump: vmax −10, 500 km s−1
Location on photosphere: (x0, y0) (−1000, 4100) km
Radius of clump: r 1450 km
Clump 3
Minimum velocity of clump: vmin −10, 500 km s−1
Maximum velocity of clump: vmax −7800 km s−1
Location on photosphere: (x0, y0) (−1000, 4400) km
Radius of clump: r 1400 km
Clump 4
Minimum velocity of clump: vmin −7800 km s−1
Maximum velocity of clump: vmax −5000 km s−1
Location on photosphere: (x0, y0) (−700,−2000) km
Radius of clump: r 1300 km
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Figure 5.3: Cylindrical clumps of Si II are shown in 3D and colored according to their optical depth in
each velocity bin. Clump 1 is pink, Clump 2 is orange, Clump 3 is blue, and Clump 4 is green. The
photosphere is shown as a circle on the x−y plane and the solid gray line on the x−vel plane indicates its
placement at -5000 km s−1. Circular shadows of the clumps on the x− y plane indicate their placement
on the photosphere and rectangular shadows on the x − vel plane demonstrate how far they penetrate
in velocity space.
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the model begins.
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Figure 5.5: Placement of clumps on the q and u polarized photosphere of the model indicate what degree
of polarization is attenuated when these clumps of enhanced opacity are placed at higher velocities in
the supernova atmosphere. Clump 1 (solid stars) and Clump 2 (solid circles) form the line polarization
features at velocities higher than the minimum of the absorption line and Clump 3 (open squares) and
Clump 4 (open circles) form the features at velocities lower than the absorption minimum.
We present the 3D view of the clumps for Epoch 2 in Fig. 5.6 and compare the model and observed
polarization in Fig. 5.7. We see that overall, the line polarization is not as well fit in Epoch 2. The
degree of polarization of Clump 1 does not fall off toward larger velocities as quickly as SN 2014J.
The polarization between −10, 500 and −8500 km s−1 is also too large.
The location of Clump 1 (solid stars in Fig. 5.8) above the photosphere did not change
in velocity space, but the clump’s radius grew 220 km since the polarization at −14, 500 km s−1
increased by more than 0.2% mostly due to the increase in q-polarization. The increased radius
allowed the clump to attenuate more −q and −u light. The polarization across the velocity range
covered by Clump 2 (solid circles in Fig. 5.8) decreased by nearly 0.3% which could be due to
the clump’s radius shrinking by 450 km. Although the decrease in radius duplicates the degree of
polarization across this velocity range very well, the bottom left plot of Fig. 5.7 shows that the u-
polarization should have a sign change if it is to match the observed polarization between −13, 000
and −11, 000 km s−1, similar to Epoch 1.
The polarization across Clump 3’s velocity range (open squares in Fig. 5.8) decreased by
0.2% in q and 0.35% in u which required the clump to move 200 km left and 1700 km higher toward
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the photospheric origin, such that the clump sits more squarely in Quadrant III rather than on its
edge. In doing so, the most highly polarized −q light no longer suffers as much attenuation as in
Epoch 1 which reduces the q-polarization. Also, the clump has a larger covering factor of +u light
leading to larger −u polarization which is ∼ 0.1% too large to match SN 2014J.
5.2.3 Discussion
Our aim in creating a simple polarization model is to understand the conditions necessary
to explain the varying line polarization of SN 2014J. Our hope is that the clumps placed in the
atmosphere above the polarized photosphere evolve in a logical sense from one epoch to the next.
One natural explanation for clump evolution is that we expect the clumps to grow with time at
the same rate as the expanding ejecta. As the gas of the ejecta spreads itself over an increasingly
larger volume, the density of the material drops. Therefore, the optical depth of the clumps should
decrease with time as well. However, a simple decrease in opacity is not adequate to explain the
changes in polarization found in SN 2014J. For example, between −10, 000 km s−1 and −7000 km s−1
only a significant change in the position of Clump can generate the observed polarization.
It is also difficult to explain why the size of Clump 3 grows with time while Clump 1 ebbs.
Perhaps, if an asymmetric distribution of radioactive 56Ni clumps flung out into the ejecta are atleast
partially responsible for the polarization of SN 2014J, then the radioactive source behind Clump 3
is still active, while the source behind Clump 1 is diminishing as the supernova ages.
5.3 Future Improvements
Several components of the polarization model discussed here could be improved upon to
provide better fits to the observed line polarization of SN 2014J. One such change is to employ a more
advanced model for P (r), in place of the plane-parallel calculations by Chandrasekhar (1960). Kasen
et al. (2003) computed the polarization vectors that emerge from an extended, spherical, electron-
scattering sphere. Because the radiation field is more anisotropic in the extended atmosphere, the
limb light is polarized up to ∼ 40% (see Kasen et al., 2003, their Fig. 5 and Sec. 3.2). Therefore,
using their pre-computed function which has more highly polarized limb light in our model would
affect the clump placement derived for SN 2014J. To continue to match the line polarization of
SN 2014J, the clumps must be moved closer to the photospheric origin or greatly reduce their
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Table 5.2. Model parameters of Epoch 2
Parameter Value
Photospheric velocity: vphot −5000 km s−1
Maximum velocity of line-forming region: vout −30, 000 km s−1
Optical depth profile
Opacity at reference velocity: τ0 12.0
Velocity where τ0 is defined: v0 −11, 000 km s−1
Exponential velocity drop-off: ve 2000 km s
−1
Clump 1
Minimum velocity of clump: vmin −20, 000 km s−1
Maximum velocity of clump: vmax −13, 500 km s−1
Location on photosphere: (x0, y0) (−1000, 2500) km
Radius of clump: r 1620 km
Clump 2
Minimum velocity of clump: vmin −13, 500 km s−1
Maximum velocity of clump: vmax −10, 500 km s−1
Location on photosphere: (x0, y0) (−1200, 4200) km
Radius of clump: r 1000 km
Clump 3
Minimum velocity of clump: vmin −10, 500 km s−1
Maximum velocity of clump: vmax −7800 km s−1
Location on photosphere: (x0, y0) (−1200, 2700) km
Radius of clump: r 1400 km
Clump 4
Minimum velocity of clump: vmin −7800 km s−1
Maximum velocity of clump: vmax −5000 km s−1
Location on photosphere: (x0, y0) (−700,−2000) km
Radius of clump: r 1300 km
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Figure 5.6: Same as Fig. 5.3 except for Epoch 2.
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Figure 5.7: Same as Fig. 5.4 for Epoch 2.
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Figure 5.8: Same as Fig. 5.5 for Epoch 2 (+7 days).
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opacity. Spherical clumps can also be implemented rather than cylindrical inhomogeneities. Finally,
experimentation with the functional form of the optical depth profile will be useful to reproduce
a supernova’s line polarization. A power-law or a non-monotonically decreasing function could be
used in place of the exponential decrease employed at this time.
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Chapter 6
Spectral synthesis and SN 2011fe
Supernova ejecta produce complex flux spectra as absorption and emission lines broaden
and overlap. As the supernova expands, the density of the material decreases causing the optically
thick region to shrink with time revealing new layers of ejecta. The spectrum that emerges from
this exposed region is sensitive to the abundance of the elements present as well as the density and
temperature profile of the ejecta. To quickly decode the complicated spectra, highly parameterized
spectral synthesis programs were developed that allow the user to assess the presence (or absence) of
a particular atomic species over a velocity interval and its opacity and ionization state in comparing
a synthesized spectrum to an observed spectrum. One such code is SYN++/SYNAPPS (Thomas
et al., 2011), which was derived from SYNOW (Fisher, 2000).
To cut down on computation time as compared to full radiative transfer codes, codes like
SYN++/SYNAPPS use some simplifying assumptions. For example, the photosphere and line-
forming region are modeled as spherically symmetric. The photosphere has a sharp boundary and
emits continuum radiation like a blackbody. Additionally, the radial parameterization of opacity is
characterized with a functional form and parameterized in wavelength using Boltzmann excitation.
Therefore these quick codes provide a constrained solution to the information extracted from the
spectrum rather than a true solution derived from theoretical considerations (Thomas et al., 2011).
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Figure 6.1: A portion of an example SYNAPPS control-file regarding the photospheric and line-forming
regions.
Figure 6.2: Another portion of an example SYNAPPS control-file regarding the ions included in the fit.
Ions are called as their atomic number multiplied by 100 and added by 0 for the neutral state, 1 for singly
ionized, and so forth. Therefore, 1401 represents Si II and 1100 is Na I.
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6.1 Control File Freedoms
SYNAPPS aims to minimize the Euclidean distance between the synthesized and observed
spectra (weighted by the flux uncertainties) by iteratively adjusting up to approximately 50 input
parameters (Thomas et al., 2011). Specifically, SYNAPPS minimizes the objective function
f(x) =
(∑∣∣∣∣SyntheticFλ −ObservedFλσFλ
∣∣∣∣2)1/2 (6.1)
where x is the parameterized input vector. An example control file which is used to specify a portion
of the input vector is shown in Figs. 6.1-6.2. Here we display only the config section that contains
the most physical parameters. The first three parameters are the coefficients of a warping function
which is applied to the synthesized spectrum to mitigate the simplifying assumptions described
above. The following low order polynomial is multiplied by the synthetic spectrum
W (λ) = a0 + a1
(
λ− 6500 A˚
6500 A˚
)
+ a2
(
λ− 6500 A˚
6500 A˚
)2
. (6.2)
Next the velocity of the photosphere, its temperature, and the outer velocity of the line-forming
region can be specified. For each ion that contributes to a synthesized spectrum, the opacity profile
is described with log tau and aux (described below), the velocity boundaries over which the ion is
present with v min and v max, and the Boltzmann excitation temperature with temp. Additionally,
the user can decide whether a particular quantity will be allowed to vary iteratively from the indicated
starting value and the upper and lower boundaries on that parameter with the active keyword. All
ions are attached to the photosphere unless detach is switched to the boolean“yes” at which point
the ion can “float” above the photosphere to characterize high-velocity features visible in some Type
Ia supernova (SNe Ia) spectra (See Sec. 1.3).
The opacity profile of each line of a particular ion is scaled by its Boltzmann excitation
level from the opacity of a strong reference line. The user supplies SYNAPPS with the base 10
logarithmic value of the reference line’s opacity (log tau) defined at the velocity v ref. The radial
parameterization of the reference line’s opacity is given by the following exponential functional form
τ(v) = τref (vref ) · exp(vref − v
ve
). (6.3)
To limit the number of free parameters, we often fix ve and temp for the ions included in a fit.
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6.2 SN 2011fe
SN 2011fe was discovered approximately one day after explosion in the relatively nearby
Messier 101 (M101) galaxy located at 6.4 Mpc. Follow-up spectra and photometry revealed a
normal supernova with a very low visual extinction of AV = 0.04 mag (Nugent et al., 2011). The
supernova had a decline rate parameter ∆m15(B) = 1.21 ± 0.03 mag and reached a maximum of
Bmax = −19.21± 0.15 (Richmond & Smith, 2012) on 2011 September 9 (Matheson et al., 2012).
6.2.1 SPOL Observations
Spectropolarimetric observations of SN 2011fe were obtained over 22 nights between 2011
August 29 (-12 days) and 2012 April 16 (+237 days) using the CCD Imaging/Spectropolarimeter
(SPOL) on the 1.5-m Kuiper, 2.3-m Bok, and 6.5-m MMT telescopes (Milne et al., 2016). The
22 nights were combined into ten epochs to increase the signal-to-noise of the data. The data was
reduced in the manner described in Appendix B using IRAF routines.
The continuum polarization of SN 2011fe was less than 0.5% across the optical wavelengths
prior to ISP subtraction. The high Galactic latitude of M101 at 59.8◦1 ensured that Milky Way’s
contribution to the interstellar polarization (ISP) was negligible. The ISP of the host galaxy was
estimated from the inverse variance weighted average between 4600-5400 A˚ of Epochs 4-10 between
2011 September 26 (+16 days) and 2012 April 16 (+237 days). The resulting ISP parameters were
qISP = −0.12 ± 0.06% and uISP = 0.10 ± 0.07% (Milne et al., 2016). Here, we only show the
ISP-corrected intrinsic spectra of SN 2011fe at -12, -6, and +5 days.
6.3 Spectral synthesis of SN 2011fe
Spectral synthesis codes are a useful tool to determine which ions contribute to line polar-
ization. One particular application is SN 2011fe which has at least four line polarization features.
We show the polarization spectrum and the results of the SYNAPPS fitting to Epochs 1-3 of SN
2011fe in Figs. 6.3-6.5. We also present the best-fit parameters of each epoch in Table 6.1.
1We made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Labo-
ratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration.
77
Figure 6.3: Spectral fit of SN 2011fe and its polarization spectrum at -12 days. The top panel shows the
observed flux spectrum with the synthesized spectrum from SYNAPPS in color. The color signifies the
ion that is affected by the largest amount of absorption at each wavelength. The colors correspond to the
ions displayed in the lower 7 panels. The continuum calculated by the program is also shown as a thin
black line. The polarization spectrum is displayed in the second panel. We identify four line polarization
features labeled as A (4550-4950 A˚), B (5900-6250 A˚), C (4200-4400 A˚), and D (5000-5500 A˚). Below
the degree of polarization is the polarization angle. The lower plots show the flattened flux spectra (by
subtracting the continuum) of individual ions included in the fit. Si II (blue) and HV Si II (purple) are
shown together as well as Fe II (red) and HV Fe II (light purple).
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Figure 6.4: Spectral fit of SN 2011fe and its polarization spectrum at -6 days.
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Figure 6.5: Spectral fit of SN 2011fe and its polarization spectrum at +5 days. HV ions and C II are
not included in this fit, but Na I has been included.
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6.3.1 Polarization of SN 2011fe
We measure the continuum polarization of SN 2011fe between 6300-7400 A˚ where the flux
spectrum is free of any strong absorption features. The degree of polarization in the continuum
region in each epoch shown increases toward longer wavelengths. The continuum polarization of
Epoch 1 reaches a maximum of 0.29%, Epoch 2 reaches a maximum of 0.4%, and Epoch 3 reaches
a maximum of 0.3%.
In the first epoch at -12 days, the line polarization reaches a peak of 0.4% between 4500-
5000 A˚ in a component we label as Feature A. At shorter wavelengths a narrower feature is apparent
between 4200-4400 A˚, labeled as Feature C, with 0.35% polarization. A third feature peaks close
to 0.3% between 6000-6250 A˚ which we label as Feature B. A very narrow feature is also evident at
∼ 5700 A˚. In addition, the polarization angle is relatively constant between 4000-5800 A˚ at ∼ 50◦
before it steadily decreases across Feature B to ∼ 3◦ in the continuum region. The difference in
angle between Features A and B is ∼ 13◦.
Six days later in Epoch 2, Feature A has decreased to 0.27%, Feature C has decreased
to 0.2%, and we no longer see polarization at 5700 A˚. Meanwhile, Feature B increases to 0.35%.
Another broad feature has become apparent between 5200-5550 A˚, which we label as Feature D.
If we look at the same wavelength range in Epoch 1, the feature is not as well-defined, but the
polarization in the region reaches ∼ 0.3%. The difference in polarization angle between Features A
and B has grown immensely over the six day period. Feature A on average is 50◦ and Feature B
reaches a minimum of −85◦. Meanwhile the angle of the continuum region has also decreased to
−20◦.
By Epoch 3 at +6 days, all line polarization has diminished to at least the level of the
continuum, except for Feature B which has continued to increase and now peaks at 0.5%. The
angle of the line polarization reaches a peak of 85◦ while the continuum has an average angle of
−25◦.
Feature B is present over wavelengths typically attributed to Si II λ6355 A˚ and the peak in
polarization becomes narrower with the narrowing of the flux absorption feature. Feature D is also
most likely due to the S II “W” feature, but Feature A and C are found at bluer wavelengths that
suffer from more line blending. With the help of spectral fitting, we can narrow down which ions
may contribute to these features.
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6.3.2 Feature C
By examining the individual flux spectra of Epoch 1 in Fig. 6.3, we see that Mg II seems to
be the ion that is most contained within the defined wavelength interval of Feature C, although a
combination of HV Fe II and photospheric Fe II are also a candidate. One clue may reside in the fact
that the polarized feature moves ∼ 50 A˚ to longer wavelengths in Epoch 2. We do not notice any
obvious differences in the location of the absorption minima of either of these ions in the synthetic
spectra and the overall opacity of both species is reduced between the two epochs. However, the
profiles of Fe II seem identical over time while the opacity of the blue wing of Mg II decreases (see
Fig. 6.4). Therefore if Mg II is the element responsible for the line polarization, we can make sense
of the polarization’s decline with time as the absorption decreases and also the apparent shift of the
polarization to redder wavelengths as the opacity in the blue wing drops off more quickly than in
the red wing.
6.3.3 Feature A
Feature A is located in a rapidly evolving portion of the spectrum where the absorption
lines of S II, Fe II, and Si II overlap as evident in the top panels of Figs. 6.3 and 6.4. HV Si II
and photospheric Si II are present over the indicated wavelength range in Epoch 1, but by Epoch
2 the absorption of HV Si II is no longer evident. Perhaps this is the reason why the polarization
is not as well defined at the bluer wavelengths in Epoch 2 as the opacity of HV Si II decreases.
S II and HV Fe II show multiple absorption features over the wavelength range of Feature A and
could therefore be contenders. Photospheric Fe II also has some absorption over this region, but the
emission feature at shorter wavelengths must be included to explain the entire polarization feature.
6.3.4 Interpretations
The elaborate blend of several elements in the flux spectrum of SN 2011fe does not allow us
to determine with certainty if one particular element is the root of the ejecta asymmetries, however,
we offer a few interpretations. If photospheric Si II were the cause of line polarization at 4800 A˚, then
each absorption feature of this element at optical wavelengths can be connected to line polarization
features in Epochs 1 and 2. This includes the small feature at 5700 A˚ that has been associated with
Si II λ5958 and λ5979 in SN 2004dt (Wang et al., 2006). However, to explain the broad polarization
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in Epoch 1 at 4800 A˚, we must include HV Si II in Feature A. Unfortunately the other absorption
of this HV ion at 5900 A˚ is not associated with line polarization which is a point of conflict for this
interpretation. Similarly, if Si II explains both Features A and B, then it is hard to explain the
changing difference in angle between these two components.
Another viewpoint is HV Fe II makes a small contribution to the degree of polarization
in Feature A. This would exclude the need to include HV Si II between 4500-4800 A˚. The other
absorption feature of HV Fe II at 4200 A˚ could then explain Feature C. Another analysis is that S
II may also contribute to Feature A, in addition to Feature D.
6.3.5 Comparison to other SNe Ia
Mg II λ4471 A˚ was polarized in SN 2006X where the line polarization extended over a
narrower range than SN 2011fe’s Feature C between 4150-4300 A˚. The authors mention the feature
is significant only at -3 and -1 days when it peaked at 0.5%, but was present starting as early as -8
days (Patat et al., 2009). Therefore, if Feature C at -12 and -6 days is due to asymmetries in Mg II,
then the asymmetries in SN 2011fe appear on much earlier timescales than in SN 2006X. Mg II was
also polarized in SN 2004dt at -7 days between 4100-4300 A˚ and reached a peak of ∼ 1% polarized
(Wang et al., 2006)
SN 2006X also showed line polarization between 4600-4950 A˚, similar to SN 2011fe’s Feature
A, that peaked at 0.37% on day -7 and 0.36% on day -6. The authors refer to it as Si II 5051 A˚. SN
2006X’s feature was narrower and did not show a well-defined peak as in Feature A of SN 2011fe’s
Epoch 1. The feature was also less polarized than Si II λ6355 A˚ at ell epochs (Patat et al., 2009).
This is in contrast to SN 2011fe where Feature B increases in polarization as Feature A decreases.
A line polarization feature at ∼ 4800 A˚ with a peak of ∼ 1% was also mentioned for SN 2004dt at
-7 days. It was assumed to be a blend of Si II λ5041 and λ5056 with a small contribution from the
Fe II triplet λ4913, λ5018, and λ5169 (Wang et al., 2006). Using the results of our SYNAPPS fit,
we believe that the absorption feature of Si II in SN 2011fe is due to not just Si II λ5041 and λ5056,
but λ5113 A˚ as well.
A handful of supernovae have also shown line polarization near 4800 A˚, but at post-maximum
epochs (+9 days and later for SNe 1997dt, 2003du, and 2004S), causing the feature to be identified as
Fe II (Chornock & Filippenko, 2008; Leonard et al., 2005, See Table 2.1). Each of these supernovae
only had a single epoch of observation, so we cannot say if the line polarization was observable at
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earlier epochs.
Because the normal-velocity (NV) SNe Ia appear to have a different time dependence to
their Si II λ6355 A˚ polarization as compared to HV explosions (See Fig. 3.9 and Sec. 3.5), it is useful
to compare SN 2011fe to the other well-studied NV examples with polarization measurements: SN
2001el and SN 2012fr. SN 2012fr was observed at -11, -5, +2, and +24 days. The observations only
extend to 4500 A˚ in the blue, so we do not know if a similar undulation as Feature C is present in
this explosion. The authors chose to focus on the more highly polarized Si II λ6355 A˚ (highlighted in
blue in Fig. 6.6 and Ca II NIR triplet lines of SN 2012fr, but they mention “peaks in the polarization
spectra may be associated with the blue Fe lines and the S II absorption features (5200-5400 A˚)”
(Maund et al., 2013). From their Fig. 1, we measure 0.16% at -5 days as the polarization across the
S II “W” absorption feature between 5150-5500 A˚, which is highlighted in green. If the polarization
is present at +2 days, it has decreased to 0.11%. At -11 days, S II λ5454 may be polarized at 0.21%2.
A region of 0.13% polarization can be discerned at -5 days across a region (4600-5000 A˚)
which the authors label as Fe lines as seen in Fig. 6.6. It is difficult to determine if the feature
was present earlier at -11 days. However, by +2 days, three separate line polarizations are visible
in accordance with three absorption features at 4700, 4800, and 4900 A˚, which we highlight as
yellow, green, and purple. The features are polarized at 0.16-0.21%. A detailed spectral fit to this
spectrum is not available to the best of our knowledge, but is a worthwhile exercise for the future to
compare to SN 2011fe. The narrow line widths of SN 2012fr will be very helpful for distinguishing
the absorption features which are blended in this area of SN 2011fe’s spectrum. We also note that
similar to SN 2006X, the line polarization of this region is less than Si II λ6355 A˚ at all epochs.
The HV Si II of SN 2012fr is very strong at -11 and -5 days, rendering it difficult to separate the
polarization components between 5700-6200 A˚, but Si II λ5972 A˚ may be polarized at 5700 A˚ at
0.16% on -5 days and decreasing to 0.11% on +2 days (highlighted in red).
SN 2001el was observed at -4, +1, +10, +19, and +41 days and the focus was also on its
line polarization across Si II λ6355 A˚ and the Ca II NIR triplet (Wang et al., 2003). Upon closer
inspection of their Fig 9, we believe that intrinsic line polarization is present over 4600-5000 A˚ at
-4 and +1 days before narrowing to 4700-4900 A˚ by +10 days when the absorption line appears
2We derived these values by measuring the peak polarization across the wavelength range indicated after subtracting
PISP = 0.24%. Generally, the most accurate method to calculate the intrinsic polarization of a supernova requires
subtracting qISP and uISP from the observed q and u spectra. However, in the case of SN 2012fr, only the %P
spectra are available. Fortunately, the derived degree of ISP polarization is all within the qISP parameter (uISP=0).
Therefore, subtracting PISP from the %P spectra leads to the same result in this instance as if we had subtracted
the Stokes parameters from the observed spectra individually.
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Figure 6.6: Polarization spectra of SN 2012fr with the flux spectra over plotted. Spectra have not been
corrected for PISP = 0.24%. The authors did a thorough analysis of the Si II line (highlighted in blue)
and the Ca II NIR triplet. We highlight additional line features such as the three distinct line polarization
features that appear at +2 days as yellow, dark green, and purple. We also highlight the line polarization
across the S II feature in light green and a possible Si II feature at 5700 A˚. See the text for more details.
Adapted from Figure 1 of Maund et al. (2013).
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to have transitioned mostly to Fe II (although a detailed spectral fit is not available). Broad line
polarization exists across the S II “W” feature and a narrow feature is seen at ∼ 5800 A˚, separate
from the Si II λ6355 A˚ component.
To summarize, although most of the attention of SNe Ia polarization literature has focused
on the Si II λ6355 A˚ and Ca II lines, Features A, C, and D as identified in SN 2011fe are present
in many of the well observed SNe Ia with polarization measurements. Specifically, Mg II has been
correlated with Feature C, S II with Feature D, and Feature A has been matched with Si II at
pre-maximum epochs and Fe II post-maximum.
6.4 Summary
To correlate polarization measurements with explosion models of SNe Ia such as delayed
denotation or violent mergers, it is imperative that we have a good understanding of which elements
are asymmetrically distributed, whether all of these elements share the same axis of symmetry, and
how long after explosion do the asymmetries persist. The latter two points are directly gleaned from
polarization spectra, but when line polarization features occur in heavily blended portions of the
spectrum, spectral fitting is necessary to decipher at what wavelengths do the absorption features
of particular ions form.
As demonstrated with SN 2011fe, the line polarization of Feature B is formed by Si II λ6355
A˚, but the line polarization below 5500 A˚ may not be due to a single element. Instead, it may be
comprised of varying contributions of Si II, S II, and Fe II and possibly Mg II at the bluest optical
wavelengths.
Comparisons of SN 2011fe’s four line polarizations to other NV SNe Ia with multiple epochs
of polarization indicate that Features A and B are likely to be as ubiquitous to SNe Ia as the Si II
λ6355 A˚ and Ca II NIR triplet lines. This idea becomes more concrete when you consider that the
HV SN 2006X and the very high polarized SN 2004dt possessed similar asymmetries.
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Table 6.1. SN 2011fe spectral fitting parameters using SYNAPPS
Si II S II Fe II C II Mg II Si III Fe III HV Si II HV Fe II Na I
Epoch 1
a0 2.98
a1 0.4
a2 10
vphot 12.5
vouter 30.0
Tphot 11.1
f(x) 2.37× 102
τ 22.39 3.31 1.38 0.05 3.72 3.09 2.88 0.71 0.47 –
vmin 12.5 12.5 12.5 12.5 12.5 12.5 12.5 19.5 18.6 –
vmax 26.0 15.1 23.1 30 17.9 15 25.5 30 30 –
ve 2.0 2.0 2.0 2.0 2.0 2.0 2.0 7.13 6.01 –
T 10 10 10 10 10 15 15 10 10 –
Epoch 2
a0 1.61
a1 -0.13
a2 6.43
vphot 11.4
vouter 30.0
Tphot 10.9
f(x) 5.25× 102
τ 5.62 1.38 0.83 0.01 1.66 2.00 1.12 3.16 0.63 –
vmin 11.4 11.4 11.4 11.4 11.4 11.4 11.4 23.3 19.6 –
vmax 26.3 30.0 21.0 23.6 23.1 15 18.8 30 30 –
ve 2.0 2.0 2.0 2.0 2.0 2.0 2.0 3.22 6.0 –
T 10 10 10 10 10 15 15 10 10 –
Epoch 3
a0 1.75
a1 -3.37
a2 -1.37
vphot 10.5
vouter 30.0
Tphot 9.94
f(x) 3.57× 103
τ 12.59 1.45 2.00 – 1.32 0.83 0.74 – – 0.47
vmin 10.5 10.5 10.5 – 10.5 10.5 10.5 – – 10.5
vmax 15.0 28.0 25.0 – 16.2 15.0 15.0 – – 26.9
ve 2.0 2.0 2.0 – 2.0 2.0 2.0 – – 2.0
T 7 7 7 – 7 10 10 – – 7
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Chapter 7
ASASSN-14lp
7.1 ASASSN-14lp
ASASSN-14lp was a young supernova discovered 2 days after first light on 2014 December
9 approximately 1 kpc north east of the galactic center in NGC 4666 (z = 0.005101)1 and reached
a peak magnitude of V = 11.94 ± 0.1 mag on 2014 December 24 (Shappee et al., 2015). The host
galaxy is an inclined (i = 80◦) galaxy of type Sc with a large IR luminosity indicating it has
a high star formation rate (Dahlem et al., 1997). The decline rate parameter was measured as
∆m15(B) = 0.796 ± 0.001 (Shappee et al., 2015). The expansion velocity at maximum light was
−11, 100 km s−1 which Foley et al. (2016) showed was consistent with the “shallow-silicon” group of
Branch et al. (2006). This also places the supernova in the NV group of Wang et al. (2009).
7.1.1 Observations
We observed ASASSN-14lp with the CCD Imaging/Spectropolarimeter (SPOL) using the
1.5-m Kuiper, 2.3-m Bok, and 6.5-m MMT telescopes over 20 nights. The observation log is provided
in Table 7.1, where the supernova phase is determined relative to the B-band maximum which
occurred on 2014 December 24 (Shappee et al., 2015). If the spectra of two or more nights showed
little to no variation in their degree of polarization, we summed the observations of those nights to
increase the signal-to-noise. Therefore, we group the 20 nights into 9 epochs, two of which occur
1We have made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion
Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administra-
tion.
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Table 7.1. Observation log of ASASSN-14lp
UT Date Daysa Epoch Telescope Aperture Exposure
(+Bmax) (sec.)
2014 Dec 15.51 -9 1 MMT 4 1× 240, 1× 480
2014 Dec 20.50 -4 2 Bok 3 1× 160, 2× 240
2014 Dec 22.51 -2 2 Bok 3 3× 320
2014 Dec 28.49 +4 3 Bok 3 2× 480
2015 Jan 20.46 +27 4 Bok 3 3× 480
2015 Jan 24.46 +31 5 Bok 3 3× 480
2015 Feb 13.39 +51 6 Kuiper 3 2× 480
2015 Feb 14.47 +52 6 Kuiper 3 1× 480
2015 Feb 16.49 +54 6 Kuiper 3 1× 480
2015 Mar 23.37 +69 7 Kuiper 3 2× 480
2015 Mar 25.35 +71 7 Kuiper 3 1× 800
2015 Mar 27.29 +73 7 Kuiper 3 2× 800
2015 Apr 16.30 +93 8 Kuiper 3 1× 960
2015 Apr 17.30 +94 8 Kuiper 3 1× 960
2015 Apr 18.32 +95 8 Kuiper 3 1× 960
2015 Apr 19.32 +96 8 Kuiper 3 1× 960
2015 Apr 27.02 +104 9 MMT 4 1× 800, 2× 960
2015 Apr 29.24 +106 9 MMT 4 2× 960
2015 June 11.15 +149 9 MMT 3 2× 960
2015 June 12.20 +150 9 MMT 4 2× 960
aDays are calculated with respect to maximum brightness in the B band which oc-
curred on 2014 December 24 (Shappee et al., 2015)
before maximum light.
During each run, we obtained multiple observations of the polarized standards BD +59 389,
G191 B2B, Hiltner 960, VI Cyg 12, BD +64 106, HD 245310, HD 155528. These stars were used
to determine the linear polarization position angle on the sky (Schmidt et al., 1992a). We used the
average position angle offset from these stars to correct the spectra from the instrumental to the
standard equatorial frame. Additionally, we confirmed the instrumental polarization is less than
0.1% by observing the unpolarized standard star BD +28 4211. For more information about the
data reduction process, please refer to Appendix B.
7.1.2 Setting limits on ISP
We can constrain the interstellar polarization (ISP) using the relationship between reddening
and polarization derived for the Milky Way as PISP < 9% · E(B − V )(Serkowski et al., 1975). The
reddening along the line of sight to ASASSN-14lp is E(B − V ) = 0.0213 ± 0.0003 (Schlegel et al.,
1998) for which we calculate PMW < 0.19%. Probe stars near the line of sight of ASASSN-14lp can
also serve as an estimate of our galaxy’s contribution to the ISP. Searching within a 2◦ box centered
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Table 7.2. Serkowski fits to ASASSN-14lp
Epoch Day Pmax λmax K χ2
(+Bmax) (%) (µm)
1 -9 1.43± 0.009 0.441± 0.005 2.83± 0.18 1.53
2 -3 1.48± 0.011 0.457± 0.004 5.42± 0.26 1.63
3 +4 1.37± 0.011 0.469± 0.003 8.73± 0.38 2.33
4 +27 1.44± 0.042 0.414± 0.018 2.16± 0.30 1.30
5 +31 1.25± 0.018 0.477± 0.009 3.90± 0.39 1.44
† 9 +104-+150 1.37± 0.088 0.438± 0.019 9.87± 2.88 0.49
Note. — Fits of Epochs 1-5 do not include the Si II region between 5900-6350 A˚.
Note. — † Fit of this epoch is to λ < 6500 A˚.
on the supernova, we find two stars that display P < 0.1% (Heiles, 2000). Therefore, we conclude
that the Milky Way’s contribution to the observed polarization is negligible and early all of the ISP
is intrinsic to the supernova’s host galaxy. We can also constrain the host galaxy’s contribution to
ISP if we assume it follows the same correlation as the Milky Way. The host galaxy reddening was
estimated by Shappee et al. (2015) as E(B−V ) = 0.329±0.001. Therefore, NGC 4666’s contribution
to the polarization is expected to be Phost < 2.96%.
7.2 ISP of NGC 4666
The observed q and u spectra of Epochs 1-5 of ASASSN-14lp are displayed in Fig. 7.1. A
decline in continuum polarization is visible at wavelengths longer than 6500 A˚ in %u of Epochs
1-3, but the continuum then increases by ∼ 0.5% in Epochs 4-5 as shown in the lower panels. The
spectra obtained nearly two months after maximum are shown in Fig. 7.2. They are significantly
different than Epochs 1-5. Specifically, the u continuum polarization at λ > 5200 A˚ decreases more
rapidly as compared to Epoch 5.
7.2.1 Serkowski wavelength dependence
Although the spectra near maximum are very likely to contain some level of intrinsic polar-
ization, we fit the continua spectra with Serkowski curves to investigate how the degree of polarization
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Figure 7.1: q and u spectra of Epochs 1-3 prior to ISP subtraction in the upper panels and Epochs 3-5
in the lower panel. The Si II region is shown as solid vertical lines and the absorption minimum as a
dashed vertical line. All spectra are in the rest-frame of the host galaxy.
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Figure 7.2: q and u spectra, before ISP correction, of Epochs 5-7 and 9. Epoch 8 has not been shown
due to poor signal-to-noise.
is changing with time. The continua polarization of ASASSN-14lp for Epochs 1-5 and Epoch 9 are
shown in Fig. 7.3 with their best-fit Serkowski curves. From the combined spectra, we see that the
continuum polarization is nearly constant at ∼ 1.5% between 4000 and 5500 A˚ for all epochs. The
polarization then declines to ∼ 0.2% at 7500 A˚ by +4 days. However, the polarization increases to
∼ 0.5% by +27 days.
If the interstellar dust of the supernova’s host galaxy is similar to the dust of our galaxy,
we expect the ISP of the host to have a wavelength dependence described by the Serkowski curve.
Using a weighted least squares approach, we find the wavelength dependence of ASASSN-14lp is
significantly steeper than in the Milky Way, which is reflected in the large K values. The results of
the fitting are reported in Table 7.2. The fits in Fig. 7.3 are shown across all wavelengths, but they
were derived without using the Si II λ6355 A˚ region between 5900-6350 A˚ for Epochs 1-5.
The steep spectral dependence of NGC 4666 implies that its dust has different characteristics
than the Milky Way. Whittet et al. (1992) demonstrated that the ISP of the Milky Way follows the
linear relationship K = 0.01 + 1.66λmax. Using the average λmax = 0.451± 0.008µm from Epochs
1–5, we expect K = 0.76 ± 0.41, which is significantly lower than our best-fit at each epoch. We
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Figure 7.3: Continuum polarization of ASASSN-14lp is plotted with each epoch’s best-fit Serkowski
curve. Although the curves are plotted across all wavelengths, the Serkowski fits to Epochs 1-5 were
derived by omitting the wavelength range 5900-6350 A˚ to avoid the Si II line.
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can also estimate the average size of the aligned grains contributing to the ISP using the relation
λmax = 2pia(n−1) from Whittet (1992). Assuming silicates are also the grains that polarize starlight
in NGC 4666 such that n=1.6, we estimate a = 0.109µm. This is slightly smaller than the typical
grain size of the Milky Way which is a = 0.15µm using λmax = 5550 A˚.
7.2.2 Polarization Angle
The polarization angle of ASASSN-14lp’s Epochs 1-5 is presented in Fig. 7.4. Generally,
when the ISP of the host galaxy dominates the continuum polarization, as we predict in Sec. 7.1.2,
the polarization angle reflects the orientation of the galaxy’s magnetic field about which the polar-
izing dust grains are aligned. We see that the angle of ASASSN-14lp is nearly constant at ∼ 40◦
across the optical wavelengths of Epochs 1, 4, and 5. However, the angle of Epoch 2 increases at
λ > 6300 A˚. The angle of Epoch 3 increase at λ > 5200 A˚ before decreasing at 7200 A˚ where the
continuum polarization falls below 0%.
7.3 Discussion
The polarization of ASASSN-14lp displays a number of unusual and interesting behaviors
which we have mentioned briefly in the sections above. We will now explore these behaviors in more
detail, discuss their implications about the explosion, and examine work that has been done thus
far to understand their nature.
7.3.1 Polarization across Si II λ6355 A˚ line
The polarization across the Si II λ6355 A˚ absorption line has a curious evolution between
-9 and +4 days even before correcting the polarization spectra for ISP. Using the spectra displayed
in Fig. 7.5, the Si II line appears to be intrinsically polarized at Epoch 1 in coincidence with the
minimum of the absorption trough. In general, the absorption has an unusual profile at this epoch
because of a high-velocity (HV) component blending with the photospheric component. However, as
the photospheric component becomes better defined in later epochs, the polarization at the minimum
quickly decreases until its depolarization at +4 days. Notice the nearly 0.6% increase in polarization
between the minimum of the line and its red wing. Finally, by +27 days, there is no clear absorption
by Si II at these wavelengths, so not surprisingly, there is no obvious line polarization.
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Figure 7.4: Continuum polarization of Epochs 1-5 displayed in black and polarization angle in red. The
average angle estimated between 4000-6000 A˚ of Epochs 5-6 is 40◦ and is shown as a thin black line at
each epoch.
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Figure 7.5: Polarization across Si II λ6355 A˚ absorption line before ISP subtraction. The line appears
to be intrinsically polarized at the absorption minimum in Epoch 1, but becomes depolarized by Epoch
3. There is not any obvious Si II absorption in the flux spectrum at +27 days which explains the lack of
line polarization across the region.
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Figure 7.6: Estimate of ASASSN-14lp’s intrinsic continuum polarization. Derived by estimating the
difference in polarization between each epoch and the best-fit Serkowski curve of Epoch 9. Some symbols
have been slightly offset for better viewing. Epoch 5 (+31 days) is not shown since it is very similar to
Epoch 4.
From polarization studies of other SNe Ia, the Si II line polarization gradually increases
and then decreases in the days near maximum light. However, the depolarization of this line as it
appears in ASASSN-14lp has not been mentioned before.
7.3.2 Variable continuum and polarization angle at long wavelengths
The ISP of galaxies is thought to be time-independent. Therefore, the changes in polariza-
tion along the line of sight to ASASSN-14p over weekly and monthly timescales implies that the
supernova is either intrinsically polarized and its degree of polarization is changing with time or we
may be seeing changes in a dust environment local to the explosion. A combination of both of these
effects is also a possibility. We explore these two scenarios individually below.
The consistent nature of the continua polarization obtained between +52 and +150 days
leads us to believe that this may define the true nature of NGC 4666’s ISP. The variability in earlier
epochs, particularly at longer wavelengths, could then be attributed to intrinsic polarization of the
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supernova. If we compare the best-fit Serkowski curve of Epoch 9 to the polarization of earlier
epochs, we can estimate the level of intrinsic continuum polarization of ASASSN-14lp. We display
this estimate in Fig. 7.6. For a cleaner comparison, we only show the difference in polarization at
inflection points for each epoch. The intrinsic continuum is approximately zero between 4000-5000
A˚ for most epochs before it begins to steadily increase toward longer wavelengths. Epoch 1 increases
to 0.7% at 6500 A˚ which decreases to 0.5% six days later and falls to 0.2% by +4 days. Interestingly,
the continuum then increases to ∼ 0.5% at +27 days and stays at this moderate level of polarization
till +31 days (not shown in the figure).
The largest continuum polarization of published SNe Ia was SN 1999by at 0.7% at its reddest
wavelengths (Howell et al., 2001), followed by SN 2005ke at 0.5% (Patat et al., 2012), both of which
are sub-luminous supernovae. The intrinsic continuum of the normal SN 2001el increased to 0.7%
near 8000 A˚ in accordance with the Ca II NIR triplet. However, they measured only 0.3% for the
continuum near 7500 A˚ (Wang et al., 2003) which is a better comparison to the wavelength range of
ASASSN-14lp’s polarization spectra. The also normal SN 2011fe displayed a rise in polarization at
red wavelengths to 0.4% in its -6 day epoch (Milne et al., 2016). Therefore, if Fig. 7.6 follows the
true intrinsic continuum polarization of ASASSN-14lp, then it is the most highly polarized normal
supernova observed thus far and rivals that of the subluminous supernovae. Using the calculations
by Ho¨flich (1991), ASASSN-14lp may have an asphericity as large as 20-25% at -9 days (see Fig.
2.3).
As mentioned in Chapter 2, the polarization of SNe Ia is difficult to detect several weeks
after maximum light as electron scattering becomes less important. Therefore, it is interesting
to compare the intrinsic continuum polarization of ASASSN-14lp to other supernovae observed at
similar times. The intrinsic continuum of SN 2012fr at +24 days was measured to be consistent with
0% (Maund et al., 2013)2 and SN 2006X was consistent with 0% at +39 days (Patat et al., 2009).
Similarly, Tanaka et al. (2010) mentioned that there was no clear continuum of SN 2009dc at +90
days. Therefore, the large degree of continuum polarization displayed by ASASSN-14lp at +27 and
+31 days is very large.
Although the changing continuum polarization of ASASSN-14lp likely follows the variable
intrinsic continuum polarization of the supernova, we have yet to explain the changing polarization
angle evident in Fig. 7.4. As mentioned previously for SN 2014J in Chapter 4, the polarization angle
2We estimate the intrinsic continuum of SN 2012fr using their Fig. 1 after subtracting PISP = 0.24%
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associated with ISP along a particular line of sight is assumed to be constant with time since the
wavelength dependence of the polarization, as determined by the alignment of grains in the galaxy’s
magnetic field, will not change over the short timescales that we observe supernovae. In the case of
ASASSN-14lp, however, the angle varies between -9 and +27 days.
A few stars in the Galaxy have been shown to have a wavelength dependence to their
polarization angle. Specifically, twelve stars with good signal-to-noise, in a broadband polarimetry
study of 36 lines of sight within the Milky Way, demonstrated a wavelength dependence between
3300 and 9500 A˚ (Coyne & Gehrels, 1966). The authors reason that if two clouds of dust of similar
composition, but with different grain size distributions (of the aligned grains), were along the line
of sight to a particular star, then two Serkowski curves, each with its own Pmax and λmax, could be
summed to create the observed wavelength dependence of the polarization spectrum. Furthermore,
if the grain alignment of the clouds were different, most likely because they were sampling different
orientations of the Galactic magnetic field, then the resulting polarization angle is expected to vary
as the relative polarized contribution of each cloud varied with wavelength. We can apply a similar
line of reasoning to ASASSN-14lp.
To explain the time evolution of both the polarization and the polarization angle spectra,
we used two Serkowski curves and a intrinsic continuum polarization component. The Serkowski
curve at shorter wavelengths (hereafter referred to as Serkowski 1) was left fixed over time since the
polarization angle at short wavelengths remains nearly constant through all epochs. The Serkowski
curve at longer wavelengths (referred to as Serkowski 2), in addition to the intrinsic continuum
polarization characterized by a constant, were allowed to change with time. The results of this
exercise are presented in Figs. 7.7-7.10 and the parameters used are listed in Table 7.3. We stress
that these parameters should not be considered a best-fit to the data, but merely one decomposition
that provides an adequate fit to the observed data.
The plots show Serkowski 1 as a solid blue curve, Serkowski 2 as a dashed blue curve, and
the supernova’s intrinsic continuum as a dotted blue curve. The summation of all three components
is equivalent to the solid red line. Although individual portions of the spectrum at each epoch are
not particularly well fit, the red curve is not a bad fit to most of the polarization’s wavelength
dependence. As we transition between Epochs 2 and 3, the intrinsic continuum level decreases by
0.1% and the peak polarization of Serkowski 2 moves to the longer wavelengths, but its degree of
polarization stays constant. Serkowski 2 also becomes the more dominant contributor to polarization
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at ∼ 0.6µm in both epochs.
Because the polarization angle is constant in Epochs 4 and 5, we decrease Serkowski 2’s
degree of polarization such that its contribution to the total polarization is small. Therefore, we
find that both Epochs 4 and 5 can be fit by a Serkowski 2 with a broader curve (characterized by a
lower K value) and a lower peak polarization that moves to slightly longer wavelengths. However, to
properly fit the total polarization at long wavelengths, we must increase the supernova’s continuum
to 0.22%. Serkowski 2 is still slightly larger than Serkowski 1 at wavelengths longer than 0.7µm. It
is possible to achieve a better fit to the 0.5− 0.6µm portion of Epochs 5 and 6 than what is shown
in Figs. 7.9 and 7.10, but λmax2 must be moved to bluer wavelengths at ∼ 0.55µm.
We again mention that the parameters are not a best-fit. In particular, the parameters
of Serkowksi 2 and the continuum are sensitive to the parameters chosen for Serkowski 1 since it
does not change throughout the epochs. For the particular fitting shown here, Serkowski 1 could
represent the unchanging ISP of NGC 4666. Serkowski 2 is produced by a dust cloud close enough
to the supernova that the explosion can change the grain size distribution and alignment causing its
polarization to change with time.
7.4 Summary
We have obtained nine epochs of spectropolarimetry of ASASSN-14lp between -9 and +150
days using the SPOL instrument. The polarization displays a number of interesting behaviors that
can not yet be explained. We review them below.
1. If the wavelength dependence of NGC 4666’s ISP is described by the Serkowski curve of Epoch
9, then this starburst galaxy has a much steeper spectral dependence as evident by its best-fit
K ∼ 10. This is significantly larger than K ∼ 1 used to describe most lines of sight in the
Galaxy. Also, the peak of polarization at short wavelengths indicates that the average aligned
grains polarizing light in NGC 4666 are smaller than in the Milky Way.
2. The difference between the earlier epochs and the Serkowski curve that describes the wave-
length dependence of Epoch 9 may be due to a variable intrinsic continuum polarization of the
supernova. If this is true, ASASSN-14lp is the most asymmetric normal supernova observed
thus far and its asymmetry persists till +31 days when most SNe Ia are nearly spherically
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Figure 7.7: Wavelength dependence of Epoch 2 are fit with two Serkowski curves and an intrinsic
supernova continuum. Serkowski 1 remains constant as Serkowski 2 and the continuum level change to
fit the evolving polarization.
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Figure 7.8: Same as Fig. 7.7, except for Epoch 3.
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Figure 7.9: Same as Fig. 7.7, except for Epoch 4.
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Figure 7.10: Same as Fig. 7.7, except for Epoch 5.
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symmetric.
3. The polarization angle of ASASSN-14lp is not constant between -9 and +27 days suggesting
that the supernova is interacting with a dust cloud nearby. For illustrative purposes, we use
the combination of two Serkowski curves and an intrinsic supernova continuum polarization
component to reproduce the polarization along the line of sight to ASASSN-14lp. We do not
change the values of Serkowski 1 at short wavelengths, but do alter the parameters of Serkowski
2 at long wavelengths and the continuum polarization. We find that for Serkowski 2 to diminish
with time, the intrinsic supernova continuum must increase to explain the polarization at red
wavelengths. If Serkowski 1 represents the ISP of NGC 4666, it has a K = 5, which is not as
steep as the K value predicted by the best-fit of Epoch 9.
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Chapter 8
Conclusion
Spectropolarimetry of Type Ia supernovae (SNe Ia) captures the complex nature of the last
scattering surface of a supernova for each epoch obtained. This detailed look at a supernova is
not possible with just photometric and spectroscopic observations. The geometry of the supernova
implied by the polarization places constraints on the explosion mechanism and progenitor system of
these objects. Considering that these are two of the major unanswered questions of SNe Ia science,
this highlights the importance of obtaining spectropolarimetric measurements.
We presented the polarization of three SNe Ia–SN 2011fe, SN 2014J, and ASASSN-14lp
which were obtained by the Supernova Spectropolarimetry (SNPOL) collaboration using the CCD
Imaging/Spectropolarimeter (SPOL) instrument mounted on the 1.5-m Kuiper, 2.3-m Bok, and 6.5-
m MMT telescopes over multiple epochs. The well-sampled observations show that although these
are all normal SNe Ia, as indicated by their light curves and spectra, each is unique.
8.1 SN 2014J
The strong continuum polarization along the line of sight to SN 2014J reaches ∼ 6.5%
at 4000 A˚, which is one of the higher levels of polarization measured for a SN Ia thus far. The
degree of polarization does not peak within the optical wavelengths observed, so the parameters of
the Serkowski curve, which is a good description for the wavelength dependence of the interstellar
polarization (ISP) of the Milky Way galaxy, can not be uniquely determined. This indicates that the
dust properties of SN 2014J’s host galaxy, Messier 82 (M82), are likely different than in the Galaxy.
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Our-best fit values from a least-squares fitting result in K = 0.40±0.03, λmax = 0.0456±0.1052µm,
and Pmax = 45.04 ± 30.56%. Because the peak in polarization occurs at UV wavelengths, we find
that the aligned dust grains which polarize light in M82 are smaller on average as compared to
Galactic dust.
Because SN 2014J was the closest SNe Ia in several decades, it was very well studied at
UV-optical-IR wavelengths. Comparing these observations, specifically the supernova colors, to
unreddened templates, revealed that SN 2014J was suffering from nearly two magnitudes of extinc-
tion that was characterized by the total-to-selective extinction RV = 1.4. This is consistent with the
estimate we derive using the relationship between extinction and polarization: RV = 5.5λmax. This
low value could be due to the supernova light scattering off dust located within its local environment.
If circumstellar dust is present near the supernova, we expect the scattering to affect the
polarization spectra since circumstellar grains may have a different composition, size distribution,
or alignment compared to interstellar grains. To explore how scattering may affect our data, we
fit our +51 day epoch with a combination of scattering and linear dichroism components. Our
results from the fitting are K = 1.15, λmax = 0.35µm, Pmax = 3.5% and Ps = 3.3%. Therefore
this decomposition leads to Serkowski parameters that are more similar to the Milky Way and
a scattering component where scattering contributes 56% of the total polarization at 4000 A˚. We
mention that this is just an illustration and not a “best-fit” because small changes in each parameter
could give an equally good fit to the observed data. Furthermore, we do not detect variability in
the polarization angle with wavelength or changes in the continuum polarization with time; both of
these are expected if the circumstellar dust is aligned in a different direction from the host galaxy’s
magnetic field or if the grains are evaporated by the supernova radiation. Therefore, at this time
we can not distinguish between pure ISP or a combination of ISP and circumstellar dust producing
the observed polarization along the line of sight to SN 2014J.
To determine the intrinsic polarization of SN 2014J, we obtained a spectrum a couple of
months after maximum light when electron scattering is no longer important in the supernova
causing its intrinsic polarization to be negligible. Thus, at this time, any polarization measured
can be attributed to ISP. Specifically, for SN 2014J, we fit polynomials to the Epoch 4 (+51 days)
rotated Stokes spectra to serve as our ISP estimate.
In analyzing the intrinsic polarization, we learn that the continuum polarization of SN 2014J
is consistent with zero between maximum light and +51 days. This indicates the supernova is nearly
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spherically symmetric for our viewing angle over this time period. The only clear line polarization
is detected across the Si II λ6355 A˚ absorption line at +0 and +7 days which reached levels as
high as 0.4-0.6%. We do not see line polarization at our +23 and +51 day epochs as expected since
the absorption of Si II in the line is greatly reduced at these times. We also see the line form clear,
clockwise loops on the q − u plane indicating that Si II does not share the same axis of symmetry
as the photosphere.
We present an updated plot of the temporal evolution of polarization across the Si II λ6355
A˚ line which included the values of all well-studied SNe Ia that have been published, or available
from SNSPOL, thus far. In creating this diagram, we learn that the line polarization evolution of
SN 2014J is similar to other normal velocity (NV) or low velocity gradient (LVG) SNe Ia. These
supernovae reach moderate levels of polarization across the absorption line up to∼ 0.5% polarization,
but peak only at maximum light or later on gradual timescales between -10 and +15 days. This is
in contrast to high velocity (HV) or high velocity gradient (HVG) SNe Ia that quickly reach high
levels of polarization (up to ∼ 1%) before maximum light.
8.2 Model
To further explore the line polarization of SN 2014J, we developed a simple model that
calculates the integrated polarization spectrum created by asymmetric absorption of polarized light
from an electron scattering photosphere. A Q − U vector pair is calculated for each point in our
grid using the degree of polarization computed for an electron scattering plane-parallel atmosphere.
Therefore, in our model, the polarization increases radially from 0% at the center to nearly 12% at
the limbs.
We modeled our photosphere as a central polarized source illuminating the supernova’s
atmosphere where absorption lines can form. The free parameters of each clump are then its x− y
position, radius, optical depth, and velocity range. Each clump can then asymmetrically attenuate
the polarized light emitted from the photosphere at lower velocities which produces line polarization.
To recreate the Si II λ6355 A˚ line polarization of SN 2014J at +0 and +7 days, we set
the photospheric velocity at −5000 km s−1 and then place four cylindrical clumps in the atmosphere
to attenuate the light. Two of the clumps reproduce line polarization at velocities higher than the
absorption line minimum and two of the clumps reproduce polarization at velocities lower than
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the absorption minimum. We find that the synthetic polarization calculated for this combination
of four clumps provides a good match to the degree of polarization for SN 2014J, although some
improvements are necessary to reproduce the q and u spectra more accurately.
To evolve the line polarization between Epochs 1 and 2, we did not change the photospheric
velocity, the clumps’ optical depth, or the velocity range that each clump extends. Clumps 2 and 3
underwent the most changes between these two epochs since they are present over the same velocity
ranges as the center of the absorption line which showed the most dramatic changes in polarization.
To match the observed polarization, the radius of Clump 2 was greatly reduced and the position of
Clump 3 was modified such that it was closer to the photospheric origin.
8.3 SN 2011fe
Spectropolarimetric observations of SN 2011fe reveal several line polarization features intrin-
sic to the supernova which we label as Features A-D. Feature B is present at wavelengths typically
associated with Si II λ6355 A˚ and Feature D is often associated with the S II “W” feature near
5400 A˚. However, it is more complicated to determine the element(s) producing the polarization of
Features A and C since both appear over heavily blended portions of the flux spectrum. Therefore,
we make use of the highly parameterized codes SYNAPPS/SYN++ to produce synthetic spectral
fits to the -12, -6, and +5 day epochs of SN 2011fe. We include the following intermediate mass
elements (IMEs) in our fit for the first two epochs: Si II, S II, Fe II, C II, Mg II, Si III, Fe III, and
HV Si II and Fe II. The third epoch does not include any HV components, but we do include Na I.
By comparing the individual flux spectra of each ion to the polarization spectrum, it is still
not clear which element is responsible for the line polarization of Features A and C, but we offer
several interpretations. We believe that Feature C is likely explained by Mg II since the changes in
its polarization between -12 and -6 days appears to follow the slight evolution in the Mg II absorption
profile over that same time period. However, a combination of HV Fe II and photospheric Fe II are
also present over the same wavelength ranges. Feature A is even more complex and could be due
to HV and photospheric Si II, S II, HV and photospheric Fe II, or some combination of all three
elements.
We also compare the line polarization of SN 2011fe to other well-studied SNe Ia with pub-
lished observations. Feature C has been attributed to Mg II in SN 2006X and SN 2004dt. Feature
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A was also detected in these two supernovae and attributed to Si II λ5051 A˚ or similar lines of Si
II with contributions from an Fe II triplet. Interestingly, Feature A has been attributed to Fe II in
three supernovae at post-maximum epochs. From this literature review, in addition to a closer look
at the polarization spectra of SN 2012fr and SN 2001el which are also available in the literature,
we believe that Features A-D are ubiquitous among SNe Ia considering that they have been found
in both normal velocity (NV) and HV explosions. Therefore, although Si II λ6355 A˚ and the Ca
II NIR triplet are generally the most highly polarized lines of SNe Ia, many of the intermediate-
mass elements are polarized suggesting many of the nucleosynthesis products form in clumps in the
supernova’s atmosphere.
8.4 ASASSN-14lp
We present the initial stages of spectropolarimetric analysis for ASASSN-14lp. Before we can
analyze the intrinsic polarization of the supernova, we must first understand a number of complexities
we see in the observed continuum. For example, it is difficult to determine what epoch best represents
the ISP of the host galaxy, NGC 4666, because the continuum polarization of Epochs 1-5 is rapidly
changing and does not show the same wavelength dependence as Epochs 6-9. This could imply
that the wavelength dependence of Epochs 6-9 describes the ISP of NGC 4666 and variable intrinsic
continuum polarization should be invoked for the earlier epochs. If this is correct, then a comparison
between Epochs 1-5 and the best-fit Serkowski curve of Epoch 9 reveals ASASSN-14lp is the most
asymmetric normal SN Ia observed thus far and remains highly asymmetric till nearly one month
after maximum light. The continuum polarization of other SNe Ia measured at similar times is
consistent with zero.
We also must explain what causes the polarization angle of Epochs 2 and 3 to vary at red
wavelengths while the angle remains nearly consistent with 40◦ across the optical wavelengths of the
other epochs. One possibility is the supernova is interacting with a nearby dust cloud. We present
fits to Epochs 2-5 which combine two Serkowski curves and an intrinsic continuum component. The
Serkowski curve at short wavelengths (Serkowski 1) does not change with time, but the curve at
long wavelengths (Serkowski 2) and the intrinsic continuum are allowed to evolve. In Epochs 2 and
3, Serkowski 2 dominates the total polarization at wavelengths greater than 6000 A˚ which could
explain the variability in polarization angle. However, for the angle to relax in Epochs 4 and 5,
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the peak of Serkowski 2 falls dramatically so that it is no longer the dominant component at long
wavelengths. The total polarization is still large at those wavelengths, however, so the intrinsic
continuum increases by more than 0.1%. Because Serkowski 1 does not change with time, it could
represent the ISP of NGC 4666. The width of its curve, described by K = 5, however, is not as
narrow as the best-fit Serkowski curve of Epoch 9 which requires K ∼ 10
8.5 Future Work
8.5.1 Dust of host galaxies
Although we were able to thoroughly analyze the intrinsic polarization of SN 2014J, the
continuum polarization observed along our line of sight to this supernova showed an unusual wave-
length dependence. SN 2014J is the fourth SNe Ia with a peak in polarization outside the optical
regime and therefore not fit well by a Serkowski curve. At this time, we can not distinguish between
a pure ISP or a combination of ISP and circumstellar dust as the reason for the peculiar polarization.
However, further studies that compare the properties of these supernovae like SN 2014J, the gas and
dust of their host galaxies, and more supernovae like them discovered in the future may eventually
help us differentiate between the types of dust producing polarization. If scattering by circumstellar
dust is a necessary component to explain the observed polarization, then these explosions are likely
to be from a single degenerate progenitor system.
8.5.2 Line polarization code
Further development of the line polarization model is necessary. We will implement a
more realistic function for the degree of polarization calculated for electron scattering in extended
atmospheres. This function will cause the limb polarization to be significantly higher than it is
currently represented using calculations from electron scattering in a plane-parallel atmosphere.
We could also use different functional forms for calculating the optical depth profile such
as a power-law in place of the exponential used in this dissertation. A function that does not
monotonically decrease, however, will likely lead to closer agreement between the q and u synthetic
spectra and observed data. Another major improvement in the code will be to take into account
changes in the optical depth over time.
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Several changes in the geometries used within the code could also be useful. For instance, a
number of SNe Ia have been shown to be globally aspherical. Therefore, the spherically symmetric
photosphere will need to be distorted slightly to create synthetic polarization spectra of these explo-
sions. Also, spherical clumps, rather than the cylindrical clumps used in this dissertation, may prove
useful. Once a number of these changes are implemented, we can investigate the clumpy distribution
implied by the polarization of other well-studied SNe Ia. Specifically, we can compare the number
and size of clumps needed to reproduce their line polarization.
8.5.3 SN 2012fr
Identifying the narrow line features of SN 2012fr at +2 days that appear at similar wave-
lengths as three polarization features, could be a key discovery in determining the origins of SN
2011fe’s Feature A. The polarization feature has previously been attributed to both Si II λ5051
A˚ and a triplet of Fe II. We can use spectral fitting codes such as SYNAPPS/SYN++ to produce
synthetic spectra of SN 2012fr that could then be used to correlate with the polarization spectrum,
similar to the analysis of SN 2011fe. Flux spectra of SN 2012fr at -11 days (2012 Oct. 31), -5 days
(2012 Nov. 6), and +2 days (2012 Nov. 14) are publicly available in the Weizmann Interactive
Supernova data REPository1 (WISeREP). Once downloaded, we can begin producing spectral fits.
8.5.4 ASASSN-14lp
To analyze the intrinsic polarization of ASASSN-14lp, we must properly subtract the ISP
of NGC 4666. This is a difficult task because the observed polarization is variable even when the
supernova is considered to be unpolarized such as between +27 and +150 days. However, we can use
Epoch 9 to estimate the wavelength dependence of the ISP since it has the best signal-to-noise of the
later epochs. When applied to earlier observations, the remaining polarization should be considered
intrinsic to the supernova.
Because the polarization angle changes with time, we suggested that the supernova may be
interacting with circumstellar dust. If true, signs of gas or dust in the local environment will be
present in photometric and spectroscopic observations of the supernova obtained by other groups.
For example, there may be light echoes present or high-resolution spectra may show time-variable Na
I D lines. Because ASASSN-14lp was the second brightest supernova of the year and was discovered
1http://wiserep.weizmann.ac.il/spectra/list
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very early, detailed light curves and spectra are likely to be presented in forthcoming publications
that we can use to compare to the polarization spectra.
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Appendix A Acronyms
CCD - charged coupled device
CSM - circumstellar material
EW - equivalent width
HV - high velocity
HVF - high velocity feature
HVG - high velocity gradient
IGE - Iron (Fe) group element
IME - intermediate mass element
ISM - interstellar medium
ISP - interstellar polarization
LMC - Large Magellanic Cloud
LVG - low velocity gradient
M101 - Messier 101
M82 - Messier 82
NV - normal velocity
SD - single degenerate
SMC - Small Magellanic Cloud
SNe Ia - Type Ia supernovae
SN Ia - Type Ia supernova
SNSPOL - Supernova Spectropolarimetry Project
SPOL - CCD Imaging/Spectropolarimeter
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Figure B.1: Schematic diagram of the CCD Imaging/Spectropolarimeter (SPOL) instrument. Figure
available at SPOL website: http://james.as.arizona.edu/ psmith/SPOL/schem.gif
Appendix B Data reductions of the SPOL instrument
B.1 SPOL instrument
Spectropolarimetry of the supernovae discussed in this dissertation (SN 2011fe, SN 2014J,
and ASASSN-14lp) were obtained with the CCD Imaging/Spectropolarimeter (SPOL) instrument.
A schematic of the instrument appears in Fig. B.1. We can measure the polarization of light that
enters the instrument through the slit (referred to below as apertures of sizes 1-6) through use of
the quarter waveplate (for linear polarization) and a Wollaston prism. Obtaining the linear Stokes
parameters for each target requires two Q and two U images with each image recording the ordinary
and extraordinary spectra. For each image, the total exposure time is split between four waveplate
rotation angles that are separated by 90 degrees. Each of the four rotations produces an identical
polarization state on the detector and the result reduces the effects of variations in the waveplate as
a function of rotator angle. The second Q or U image is obtained with waveplate positions offset by
45 degrees thereby swapping the ordinary and extraordinary beams on the detector so that pixel-to-
pixel variations can be minimized during the reduction. The sequence of exposures which produces
the four Stokes images is repeated several times for each target to increase the signal-to-noise.
The Supernova Spectropolarimetry (SNSPOL) collaboration then reduces the data using
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custom, but mature IRAF2 routines which are described in Sec. B.2. We begin by bias-subtracting
and flat-fielding each image in the usual manner and using observations of He, Ne, and Ar lamps at
the beginning of each run for wavelength calibration purposes. We then extract the ordinary and
extraordinary traces and use the 1-D spectra to measure the linear Stokes parameters Q and U .
We de-bias the positive definite nature of the polarization calculation using the prescription P =
±
√
| Q2 + U2 − 12 (σ2Q + σ2U ) | (Wardle & Kronberg, 1974) where the sign is determined according
to the sign of the modulus. Finally, to further increase the signal-to-noise ratio, we bin the final
Stokes parameters, after removal of the ISP, to at least the spectral resolution of the data.
During each run, we obtain multiple observations of polarized standard stars to determine
the linear polarization position angle on the sky (Schmidt et al., 1992a). The average position
angle offset from these stars are used to correct the spectra from the instrumental to the standard
equatorial frame. Additionally, we confirm that the instrumental polarization is less than 0.1% by
observing unpolarized standard stars.
B.2 Reducing observations
Reducing spectropolarimetric data requires a few extra steps beyond reducing slit spectra.
An abbreviated procedure is outlined below and supplemented with example images of output from
the IRAF routines. A detailed procedure including starting parameters for each IRAF task can be
obtained from the SPOL Reduction manual written by Gary Schmidt and Paul Smith and edited
by Grant Williams.
1. We measure the bias level (or electronic pedestal level) of the image from the overscan region
using the routine BIASFIX. We then subtract the bias level and remove the overscan region from
each image.
2. A flat-field image is provided for each aperture of the instrument by illuminating a screen in the
telescope dome with a projector. We create a median image from all of the flats of each aperture to
reduce noise and remove cosmic rays. We determine the boundaries of the ordinary and extraordinary
polarized spectra (see Fig. B.2) and then use the POLFLAT routine to fit the spectral function of
2IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of
Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science Foundation.
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Figure B.2: Median flat of Aperture 4 plotted in IRAF. Image is used to estimate the boundaries and
center value of the polarized spectra (ordinary on the left and extraordinary on the right).
the incandescent lamp with a high order function. We then divide the fit by the median flat to create
a flat-field ratio image (see Fig. B.3) that can eliminate pixel-to-pixel variations in gain across the
CCD.
3. The center value of the ordinary and extraordinary images are used to extract the spectra of a
helium-neon-argon lamp using the POLID script. We identify line features in this lamp to create a
map of pixel to wavelength that will be used to wavelength-calibrate the science images.
4. We extract the spectra of spectrophotometric (flux) standard stars with the POLRED routine.
In this process the images are flat-fielded, the sky background removed, and the individual spectra
(ordinary and extraordinary) are extracted. These spectra will be used later in Step 8 and 10 to
flux-calibrate the science images. We calculate normalized Stokes parameters and flux spectra from
the extracted image pairs. We then follow the same procedure for the polarization standard stars.
5. When light is passed through the Nicol prism, it becomes fully polarized at all wavelengths.
However, after passing though the instrument, the polarization is diminished at some wavelengths.
Therefore, we need to characterize the polarization efficiency of the instrument to correct all spectra
117
Figure B.3: Example of a ratio flat displayed in DS9 for Aperture 4 from the 2014 April 19 SNSPOL
observing run on the MMT telescope. The ordinary spectrum is displayed on top and the extraordinary
spectrum on the bottom.
for the effect. To do so, the Nicol spectra are extracted using the POLRED script (see Fig. B.4)
and fit with a function which defines the polarization efficiency curve of SPOL (see Fig. B.5).
6. We correct the spectrophotometric and polarization standard stars for the instrumental efficiency
with the POLCALIB script and calculate P and θ from the q and u spectra with the PTHETA
routine.
7. We run the polarized stars through POLBANDPASS to calculate the degree of polarization
and angle in certain bandpasses. Specifically, the script uses 2 Holer filters which are similar to
Bessell/Johnson. The angle that is printed to the screen by the script is the observed polarization
angle which we compare to the true angle to calculate how much the science images should be
rotated. This rotation is necessary because the waveplate’s zero-point is offset from the zero-point
of the sky. Thus,
∆PA (instrument) = PA (real)− PA (observed)− RotatorPA (1)
118
Figure B.4: Polarization spectrum of the Nicol prism.
Figure B.5: A fit to the Nicol prism’s polarization spectrum defines the efficiency curve of SPOL.
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Figure B.6: Spectra appear as peaks across some pixels of the CCD. We set apertures that define the
width of the peak to collect as much of the light as possible. The aperture of the ordinary q spectrum
of SN 2014J is labeled as 1 and extraordinary q spectrum is labeled as 2.
where PA is polarization angle3.
8. The sensitivity curve of the instrument is derived by integrating the spectrophotometric standard
star(s) over various bandpasses with the STANDARD routine and then interactively fitting the
counts with SENSFUNC. This produces a flux calibration for the science images.
9. We extract the 1-D polarization spectra of the science (supernova) images using the POLRED
script (see Figs. B.6 - B.10).
10. We use previously created maps to place the science images on the correct flux and wavelength
scales using POLFLUX.
11. We correct the spectra for instrumental efficiency and rotate the spectra by the polarization
angle offset calculated in Step 7 using the POLCALIB script.
3The coordinates, charts, and data for the polarization standard stars used by SNSPOL are available on the
instrument’s website available at http://james.as.arizona.edu/ psmith/SPOL/
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Figure B.7: The shape of the aperture across the dispersion axis is curved which is visible by looking at
the trace (symbols). A higher order fit is used to characterize the shape and is shown as a solid line.
Figure B.8: Same as Fig. B.7, except now applied to the extraordinary trace.
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Figure B.9: Extracted spectrum of SN 2014J is obtained by summing the counts in the defined apertures
and then subtracting out the background.
Figure B.10: Extracted u spectrum of SN 2014J
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Table B.1. SPOL Gratings
Grating Dispersion Spectral Coverage Slit Demag.
(gmm−1) (A˚ pix−1) (A˚)
600 red 4.14 4970 0.81
964 2.62 3140 0.76
Table B.2. Scale by telescope
Telescope Scale
(pix. arcsec−1)
Kuiper 1.9
Bok 1.9
MMT 5.2
12. We median-combine all exposures of a particular target on one night using the POLCOMBINE
script.
B.3 Calculating spectrum’s resolution
The resolution of the spectrum is calculated as
Resolution (A˚) = Slit width× Scale×Dispersion× SlitDemag. (2)
All of the necessary parameters can be found in Tables B.1 - B.3.
Table B.3. Slit width by aperture
Aperture Kuiper/Bok MMT
arcsec. arcsec.
1 2.0 0.8
2 3.0 1.1
3 4.1 1.5
4 5.1 1.9
5 7.6 2.8
6 12.7 4.7
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